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DESIGN OF ELECTRICAL APPARATUS 


I— Dibect-Current Machines 

CHAPTER I 
CONSTRUCTION 

Direct-Current generators and motors may be divided into three 
general classes: (1) The non-commutating-pole machine, (2) the 
commutating-pole machine, (3) the compensated machine. 

(1) The non-commutating-pole machine is practically obsolete, being 
used only for generators and motors for low voltages and small capacities. 

(2) The commutating-pole machine is built with small poles 
between the main poles, which are called commutating poles and are 
magnetized by a winding in series with the armature. The brushes 
are so placed that the coils, during commutation, come under the 
influence of the flux from the commutating poles, which flux is of 
such value and direction that cutting it produces in the coils a voltage 
which neutralizes the voltage of seK-induction. In a generator, the 
flux from the commutating pole must be in the same direction as the 
flux from the main pole preceding it, and in a motor it must be in the 
same direction as the flux from the main pole following it. 

(3) The compensated machine may be looked upon as a modified 
commutating-pole machine. The commutating-pole machine has the 
exciting winding concentrated on the commutating pole, whereas the 
compensated machine has part of the exciting winding distributed in 
the main pole faces. By such construction, the leakage flux of the 
commutating pole is reduced, which increases the commutation capacity 
of the machine. The compensated machine has two distinct advantages 
over the commutating-pole machine. It has a greater commutating 
capacity and, since the armature cross magnetization under the main 
pole is neutralized, the maximum voltage between adjacent com- 
mutator segments is reduced. By taking advantage of these two points, 
it is possible to increase the speed of generators and to build motors 
for more difficult cycles of operation. 
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The type of construction generally used for direct-current generators 
and motors is shown in Fig. 1. 

Spider. — The spider of a direct-current generator or motor is 
the frame upon which the armature laminations are assembled. By 
designing the spider with large axial ventilating ducts, good ventilation 
of the inside of the armature is obtained and the weight of the armature 
is kept small. The spider for large machines is either a steel casting 
or is fabricated from rolled steel. ^ Figui*e 2 shows a cast steel spider 

of a large-diameter, 
slow-speed machine. 

For machines with 
small armature di- 
ameter, the type of 
construction shown 
in Fig. 3 is used, 
that is, the spider is 
part of the armature 
lamination. 

Armature. — The 
armature of direct- 
current generators 
and motors is built 
up of electric sheet- 
steel laminations 
' varying in thickness 
from 0.0141 to 0.025 
in. The laminations 
are punched to cor- 
rect size by means 
of dies, carefully 
annealed and insu- 
lated. For arma- 
ture diameters smaller than approximately 30 in., the armature lami- 
nations are punched in one piece, whereas for larger armature diam- 
eters the circle is divided into several segments. One segment for 
a large-diameter, slow-speed machine is shown in Fig. 4. 

The usual method of insulating the armature punchings is that of 
applying a thin coat of core plate varnish to each side of the punching. 
The sinsulating varnish is generally ^applied by passing the punchings 
between two rolls coated with the insulating varnish. The varnish on 

1 “ Standard Line of Direct-Current Machines Fabricated by Arc Welding/^ 
Electric Journal, Vol. 25, p. 575, Dec., 1928. 



Fig. 2. — Armature spider for 1700-h.p., 90 to 205-r.p.m., 
600-volt motor. 




CONSTRUCTION 


the punchings is either air dried or artificially dried. When the arti- 
ficial drying process is used, the punchings are first passed over an open 
fiame, to burn out the volatile matter in the varnish, and then through 

oven, to bake the var- 

^ nish. Paper is sometimes 

The insulated armature 
punchings^ are assembled 

of ^the same material as the 

the commutator end of the 
armature is often cast in 
^ — j one piece with the spider. 

Fig. 3. — Armature punching with spider. The one OU the opposite 

end, however, is always a 
separate casting, and is used to press the laminations tightly to- 
gether to prevent idbrations. The end-plates extend to the bottom 
of the armature slots and, therefore, do not support the armature 



Fig. 4. One segment for large-diameter armature with welded duct spaccar.. 


teeth (see Fig. 1). For all except very small motors and generators, 
which have round or very shaUow slots, the armature teeth must be 
supported by a tooth support. . 
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S The tooth support generally consists of a piece of rolled steel, spot- 

"" welded to the end lamination. The position of the tooth support and 
the shape of the section of the rolled steel piece are shown in Fig. 4. 

The length of the armature iron is divided into sections, as shown 
in Fig. 1, by radial ventilating ducts; these are usually from i to f in. 
wide. The narrow duct is used on the small-diameter, high-speed 
machine, and the wide duct on the large-diameter, slow-speed machine. 
Except for very small machines, such as fractional horsepower motors, 
there is always a ventilating duct at each end of the armature lamina- 
tions. When the length of the armature exceeds approximately 4 in., 
the armature also is divided into sections by radial ventilating ducts. 
Enough ducts should be used so that the length of each section will 
not be more than 3 in. 

The ventilating duct spacer must extend from the top of each tooth 
-- to the inside of the armature lamination so that neither the teeth nor 
the inside edge of the armature lamination 
will flare and close the duct when the 
punchings are pressed together. Loose 
armature laminations will vibrate and pro- 
duce a buzzing noise, because of the flux 
reversals in the armature core. The con- 
struction of the ventilating duct spacer is 
similar to that of the tooth support shown 
in Fig. 4. 

On motors and generators with totally 
enclosed frame, such as street railway Fia. 5. 

motors, the radial ventilating ducts are 
^ ■ often omitted. For this type of construction, the cooling air is forced 
through the machine, parallel to the shaft, by a fan mounted on the 
shaft at the end of the armature opposite to the commutator. 

The' armature coils are placed into the slots with the required 
amount of insulation between armature iron and coils, and the slots 
y . are sealed with wedges. The type of wedge generally used is of horn 
fiber impregnated with paraffin. The position and thickness of the 
, wedge are shown in Fig. 5 a and h. Bands of phosphor bronze or steel 

wire are used to hold the armature coil end-connections in position. 
The slots are not always sealed by wedges; they are sometimes left 
open and the coils held in place by phosphor bronze or steel band 
wires as Fig. 6 shows. 

Commutator. — The commutator is built up of hard-drawn, copper 
segments, insulated from one another by mica. The thickness of the 
mica insulation varies from 0,02 to 0.06 in. and depends upon the diam- 
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eter of the commutator and the voltage between adjacent segments. 
The mica ^ used for commutator insulation must be one of the soft 



Fig. 9. — Detail drawing of pole punching, 50-kw., 1200-r.p.m. generator. 


Fig. 10. — ^Field yoke with partially assembled field poles, 7i-h.p., 1750-r.p.m., 4-pole 

motor. 

2 See ^^The Manufacture of Built-Up Mica,^^ Electric Journal, Vol. 21, p. 10, 
Jan., 1924; ‘‘Types of Commutator Construction,” Electric Journal, Vol. 23, Nov., 
1926, p. 565. 
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varieties so that the copjKW and niiea will wear down nl llw ^aiUo. 


rato« 

The mica 
clamping rings 
111. tbick. 


and cojiiK-r seKinenl.H are damped Imlweeii \ 
and insulah^d rreni liunn liy micatiite, usunllv 
The aswanhled eonimidnlor is ptvssed on the. s 


‘h:ip<'c I 
nil of 






Fxa. li — CroMK-scHil.ion of luuu’iuK iin<l Itoarliig htJumng, 


the machine or on an extension of the armature spithw. WIk-ii tho 
diameter of tho commutator will permit, axial (IucIh are provided otx 
the inside of the commutator for coolinf!; purposes. 

The two V-ring construction generally uscul is shown hi h’ig. 7 . 



Fig, 12. — Brush lioldor with brush. 


This method of construction can bo used for higlKspood conmmtators 
for peripheral speeds from 4000 to G,000 ft. per min. for lengtliH up to 
about 24 in. For longer commutators, tho throe V-ritig oonHfruclaon. 
or the shrink-ring construction is used. Tho armature and commuta- 
tor assembly for a 60-hp. general purpose motor is shown in ,Fig. H, 
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Field Poles. — The main poles of most modern machines are built 
up of sheet steel laminations, usually from 0.025 to 0.05 in. thick. 
The laminations are riveted together with no insulation between them. 
Figure 9 shows the usual shape of the laminations, with pole body and 
pole shoe punched in one piece. The shape of the pole body for the 
laminated pole construction is rectangular or square, whereas for 
cast steel poles with laminated pole shoes the pole body is often of cir- 
cular shape, to obtain minimum length of mean-turn for the field coil. 

The objection to the cast steel pole construction lies in the fact that 



Fig. 13. — Brush yoke. 


it is difficult to obtain castings of uniform material and free from defects. 
With open armature slots, the type generally used for direct-current 
motors and generators, cast steel pole shoes can not be used, because of 
the excessive eddy current losses in the pole face due to the air gap flux 
pulsations produced by the armature slots. 

The field winding may be wound directly on the pole, with the 
necessary insulation between winding and pole, or may be wound on a 
form completely insulated and placed on the pole. The form-wound 
field coil is generally preferred because of the ease with which repairs 
can be made. 
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The commutating pole is often made of cast steel, for large high- 
speed machines, and for machines subjected to large load fluctuations, 



Fig. 14. — Engine-type generator. 


the laminated pole is used. The commutating-pole winding is generally 
form-wound, insulated, and placed on the pole. The field frame, with 
assembled and connected field windings, is shown in Fig. 10. 
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castings free from internal strains, cracks, blow-holes, and the like,, the 
yokes of large direct-current generators are being built up of |-in. 
steel plates. On smaller diameter machines, rolled steel is being 
used. The feet are riveted or welded to the frame. 

Bearings. — The bearings of most modern direct-current machines 
are of the ring oiling type. The bronze bearing is generally preferred 

for small machines; for large motors 
and for the larger generators babbitt 
bearings are used. The position of 
the bearing in the bearing housing and 
the method of mounting are shown in 
Fig. 11, 

Ball bearings and roller bearings 
are being used frequently for direct- 
current ‘motors. Figure 18 shows the 
assembly drawing of a ball-bearing 
motor. 

Brush Holder and Brush Yoke. — 

Many different types of brush holders ^ 
have been used for direct-current 
generators and motors. The type 
generally used on modern machines 
is shown in Fig. 12. The brush 
holders are mounted on studs or arms 
which are generally brass rods, from | 
to 1 in. in diameter. The brush studs 
are pressed into openings properly 
spaced in the bearing bracket, Fig. 
18, or are mounted on a brush yoke, 
which is supported by the bearing 
bracket, Fig. 16. One type of brush 
yoke with brush arms, brush holders, 
and brushes is shown in Fig. 13. 

On engine type machines, for 
which the electrical manufacturer 
does not supply either the shaft or the bearings, the brush arms are 
supported by a brush yoke, as shown in Fig. 14. For pedestal type 
machines, the type of brush yoke shown in Fig. 13, or the t 3 ^pe shown in 
Fig. 14, may be used. 

3 See '^The Development of The Direct-Current Generator in America,” by 
B, G. Lamme, Electric Journal, Vol. 12, p. 164. 
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Fig. 17. — Cross-section of vertical 
motor. 
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Base. — All belted type motors and generators are mounted on a 
belt-tightener base or on rails. The base or rails are bolted down, and 
the machine can be moved on the base by means of a ratchet device. 
A type of belt-tightener base often used is shown in Fig. 15. 



Motor and Generator Assembly. — Figure 16 is an assembly draw- 
ing of a bracket type motor, and Fig. 17 is a cross-section of a vertical 
t3rpe motor. An assembly drawing of a ball bearing, bracket type 
motor is shown in Fig. 18. 

^¥rom Electric Journal, Oct., 1924, p. 484. 


CHAPTER II 


VOLTAGE FORMULA AND OUTPUT EQUATION 


> Voltage Formula. — The formula for the induced voltage in a direct- 
current armature is usually written in the following form, 


E = 


ct)pNn 

a X 60 X 10^ 


volts, 


( 1 ) 


where E is the voltage induced in the armature winding between ad- 
jacent brushes. When the induced voltage E is known, the flux per pole, 


EaXQOX 10^ 
Nnp 


lines. 


( 2 ) 


For the design of electrical machinery, it is often convenient to use a 
hypothetical total flux for the machine, instead of the flux per pole. To 

determine this hypothetical total flux, the 
flux density in the air gap is assumed to 
have maximum value over the entire pole 
pitch, that is, the shape of the field form 
is assumed to be rectangular, as shown in 
Fig. 19. The ratio of the area under the true 
field form to the area of the hypothetical 
rectangular field form is called the field form 
distribution factor /d. The hypothetical total flux. 



Fig. 19. 


= 


(l>p 

/^* 


Substituting for 0, in formula 3, the value given by formula 2, 


<Pi = 


Eap X 60 X 10® X 60 X 10® 


Nnpfd 


Nnfd 


lines. 


(3) 


(4) 


Output Equation. — The capacity of a given armature diameter and 
length is dependent, to a large extent, upon ventilation. The best 
design, from an engineering standpoint, gives a maximum output at a 
minimum cost. A point of primary importance in accomplishing tliis 

14 




OUTPUT EQUATION 


15 


is to ventilate the various parts, to dissipate the maximum watts loss 
with the least amount of heating. Ventilation, however, can be so 
good as to make it impracticable to work the machine to its limit, from a 
heating standpoint, on account of its efficiency reaching a value below 
the practicable point. Rarely, if ever, assuming reasonably good ven- 
tilation, is it practicable to rate direct-current machines on a continuous 
temperature basis, since invariably commutation or efficiency, or both, 
will be the limiting factor, rather than temperature. 

The armature output of a direct-current generator, expressed in 
Idlo watts, is as follows: 


From formula 4, 


Kwa == Ela X 10 


E = ^ volts. 

a X 60 X IQS 


Substituting this expression for E into equation 5 above, the output 
of the armature in kilowatts will be. 


KWa = 


<t>tNnfdIa 
a X 60 X 10i^‘ 


The total flux is equal to the product of gap area times the maximum 
air gap density, 

<l>i — irDlBg lines. (7) 

If Q equals the ampere conductors per inch of armature periphery, 
then, 

NIa 


= irDQ. 


Substituting the expression for (jit from formula 7, and the expression 

for from formula 8, into the output equation 6, 
a 

nfdxDQTDBgl nD^lfdQBgir^ 


60 X 10“ 


60 X 10“ 


This equation may be rearranged into the following form: 

DHn _ 60 X 10“ _ 60.8 X 10^° 

KWa faQBoTT^ JdQBg 
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The value of the maximum air gap density, is limited by the 
permissible value of maximum tooth density. The maximum 

tooth density exists at the root of the tooth and is calculated by the 
following formula : ^ 

— — nv; lines per sq. in. 

W 12k lib 

Substituting for the total flux, the value given in equation 7, the 
maximum tooth density, 

BfjTrD 

b /2 = — hnes per sq. in. 

v)t2kiS * 


This equation shows that the tooth density is directly proportional 
to the air gap density, for a given number and size of slots. The m.m.f . 



required to send the flux through the teeth will be large for high tooth 
densities, which, in turn, will require a large amount of field copper. 
The iron losses in the teeth will also be large for high tooth densities. 
The maximum tooth density, the density at the root of the tooth, should 
generally not exceed 150,000 lines per square inch. The air gap density 
must then be lower for machines with small diameters than for machines 
with large diameters, because of the greater tooth taper for the small 
diameter machines. 

Air gap densities that may be used for preliminary design may be 
talcen from the curve, Fig. 20. 

The value of Q in formula 9, the ampere conductors per inch of 
armature circumference, is limited by commutation, efficiency, cost of 
construction, and armature heating. The ampere conductors per inch. 
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for a given rating, may be increased by increasing the number of con- 
ductors or by decreasing the armature diameter. By increasing the 
number of conductors, the reactance voltage will be increased, as will 
be shown later. If the diameter of the armature is decreased, the 
length of the armature must be increased in order to have enough iron 
to carry the flux, and the slots will have to be made deeper in order to 
accommodate the larger number of ampere conductors per inch of arma- 
ture circumference. Both of these changes increase the reactance 
voltage, as may be seen from the reactance voltage formula. Com- 
mutation is therefore the limiting factor in the choice of the ampere 
conductors per inch of armature circumference for machines without 
commutating poles, whereas for machines with commutating poles, 
efficiency, cost of construction, and armature heating are the limiting 
factors. For non-commutating pole machines, Q is usually from 300 
to 600. Average values of Q for commutating-pole machines are given 
in Fig. 21. 



200 250 300 350 400 460 500 550 600 

1^X10^ Scales 

Pig. 21. — Ampere conductors per inch of armature circumference for commutating- 
pole, direct-current generators and motors. 

The air gap flux distribution factor, fa, depends upon the shape of 
the field form. The method of obtaining the field form and the field 
form distribution factor is shown on page 22. The value of the field 
form distribution factor is, for the shape of pole shoe generally used, 
approximately equal to the ratio of the pole arc to the pole pitch. 
The usual values are 0.60 to 0.76. 

By substituting average values for fa, Bg, and Q into equation 9, 
the right-hand member may be combined into a constant, 

DHn 
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where C is called the output constant. This constant is not the sanae 
for all machines, neither will it be the same for all machines of the same 
Kw rating and speed. It depends upon the value of Bg^ Q, and /d. 
Average values of the output constant for commutating-pole machines 
for 50^ C. rating may be taken from the curves, Fig. 22. 

Formula 11 has been developed for a generator. Kwa in this formula 
is the armature kilowatt output, which is equal to where E is the 
armature induced voltage and 7^ is the armature current. This is 
approximately equal to the output rating in case of a generator. Fo r 
a motor, the armature output is approximately equal to the moto r 
input. For the curves for air gap density, ampere conductors per inch, 



0 10 HO 30 40 50 60 70 80 90 100 110 \ZQ 130 140 150 160 170 180 190 

^ Scale A 

200 ?50 30 0 350 4 00 4 5 0 500 550 600 

■ 6caleB 

in 

Fig. 22. — Output constants for commutating-pole, direct-current generators and 

motors. 


120 130 140 


and output constant, the kilowatt output may be used in case of a 
generator and the Idlowatt input in case of a motor. 

Armature Peripheral Speed —The diameter and length of the arma- 
ture should be so chosen, whenever possible, that the peripheral speed 
of the armature will not exceed 6000 ft. per min., as high peripheral 
speeds lead to expensive constructions and commutation difficulties. 
For generators for direct connection to steam turbines, the peripheral 
velocity of the armature may be 15,000 to 20,000 ft. per min. Such 
generators requhe special construction and very careful design of the 
commutating field. Except for turbo-generators, the peripheral velocity 
of direct-current generators and motors is generally from 1200 to 6000 ft. 
per min. 

The speeds for the smaller size generators are generally chosen to 
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correspond to the standard GO-cycle induction motor speeds. The 
generators can then be directly connected to standard induction motors 
for motor generator sets. For the large sizes, the speeds are generally 
made to correspond to the standard 60-cycle synchronous motor speeds. 
The speeds for slow-speed engine-type generators are generally deter- 
mined from the engine speeds. 

^"'Armature Diameter and Length, — When the output constant is 
known, the product, DH, is readily found. Either 'the diameter or the 
length may be assumed and the other dimension calculated. For high 
speed machines, the diameter is limited by the peripheral velocity. 

The length of the armature must be kept within certain limits, 
because it is difficult to ventilate a long armature properly. If long 
armatures are necessary, as for turbo-generators, special means for 
ventilation must be provided. For small two-pole machines, the arma- 
ture length is often made equal to the armature diameter. 

If a value for the ratio, armature diameter to pole pitch, is assumed, 
then the values of D and I can be found from the product DH, For 
motors and generators with peripheral velocity below 6000 ft. per min., 
the ratio l/r is generally from 0.50 to 1.0. For turbo-generators, for 
which long armatures are unavoidable, the ratio 1/ r is sometimes larger 
than 1.0, whereas for slow speed engine type generators, for which large 
diameters are desirable, this ratio may be less than 0.50. 

The pole pitch, 


and 

I 

T 

I = t ( 0.50 to 1 . 0 ) 

= !!-5(o. 50 to 1.0). (13) 

V 


ttD 

V 


= (0.50 to 1.0) 


( 12 ) 


Substituting this value for I into the output equation 11, 


D2l^(0.50 to 1.0) = 5^(7 
p n 


or, 


D 


4 


KvfapC 


'n7r(0.5 to 1.0) 

The value of I can be found by formula 11 


= 3 / Kw„(7p 
^nil.5 to 3.14) ■ 


( 14 ) 
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When designing a lino of diroct-curront generators and motors, the 
armature diameters should be so chosen that as many ratings as possible 
can be obtained with the same armature diameter. There is no fixed 
rule by which the minimum and maximum length of the armature for 
each diameter can be determined. These limits will depend upon the 
operating characteristics desired and upon the cost of construction. 
The cost of construction will be different for different manufacturers 
and therefore also the limits of armature length for a given diameter. 
When in doubt as to the proper value of the armature diameter and 
length, the only satisfactoiy method is to make preliminary calculations 
for two or more machines for different diameter and length and choose 
the one that will give good operating characteristics for a reasonable 
cost of construction. 

Number of Poles. — In general, the number of poles should be so 
chosen that good operating characteristics are obtained with minimum 
weight of active material, and minimum cost of construction. 

The frequency of the currents in the armature conductors and of the 
fiux reversals in the armature core is directly proportional to the number 
of poles and speed. The frequency, 

f = — im — cj’-cles per sec. (16) 

2 X bO ^ 

The losses in the armature core and teeth will increase with the fre- 
quency for a given flux density. To avoid excessive iron losses with 
high frequencies, the flux density in the armature core and teeth must 
be kept low, which will require increased armature iron weight. The 
usual frequencies for direct-current motors and generators are from 
15 to 45 cycles per second. 

The pole pitch varies directly with the armature diameter and 
inversely with the number of poles. For a large pole pitch, the length 
of the armature coil end-connections will be large, and therefore also 
the losses and the weight of the armature copper. The ampere-turns 
per pole on the armature vary with the pole pitch, and, since the ratio 
of the field ampere-turns to the armature ampere-turns should be equal 
to from 1.0 to 1.25 (see p. 79, Chapter V), it follows that the ampere- 
turns on the field will also increase with the pole pitch. A large number 
of ampere-turns on the field require a heavy shunt field winding, which 
is difficult to ventilate and leads to high shunt field losses. Excepting 
for very large capacity, slow-speed machines, it is usually desirable to 
use a number of poles, which will give a pole pitch less than 15 in. 

For large-capacity, low-voltage machines, the number of poles may 
be determined by the amount of current that can be collected by each 
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brush arm. With a brush thiclmess of | in. and with a curi'ent density 
of 50 to 60 amperes per square inch of brush contact^ a current of about 
1000 to 1200 amperes per brush arm can be used. 

To guide the beginner in selecting a number of poles, the following 
tables are given: 


TABLE I 


Medium and High Speed 


Kw ' Output 1 

Speed in r.p.m. 

No. of Poles 

Up to 10 

Over 1300 

2 

10 to 100 

' Up to 1300 

4 

SO to 300 

Up to 1000 

1 4 or 6 

200 to 600 

Up to 600 

G to 10 

600 to 1000 

Up to 500 

8 to 12 


TABLE II 

Slow Speed Engine Type 


Kw Output 

Speed in r.p.m. 

No. of Poles 

35 to 150 

225 to 300 

6 

200 to 250 

135 to 225 

8 

250 to 500 

' 100 to 150 

10 


See also tables given by W. T. Ryan ^ in Design of Electrical 
"achinery.” 

"When in doubt as to the number of poles to use for a motor or 
nerator of given Kw capacity and speed, it will be necessary to cal- 
late the weight of material, losses, and cost of construction, to deter- 
ino the number of poles that will give best operating characteristics 
r the lowest cost. 

Design of the Pole Shoe. — The air gap flux distribution curve must 
ve such shape that the best possible commutation will result. To 
tain good commutation, the flux density in the air gap must decrease 
^dually from maximum value under the center of the pole to zero on 
3 center line between two poles, and the flux densities near the neutral 
int must be low. A field form that drops off rapidly from maximum 

1 ^ ^ Design of Electrical Machinery,” by W. T. Ryan, Vol. I, pp. 3, 4, and 5, 
m "Wiley & Sons, Inc., New York. 
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value to zero does not only lead to commutation difficulties, but may 
also give rise to magnetic noises in machines with slotted armatures. 

The shape of the field form depends upon the shape of the pole 
shoe and the per cent pole embrace. The ratio of the pole arc on the 
armature surface to the pole pitch on the armature surface, expressed 
in per cent, is called the per cent pole embrace. A large per cent pole 

embrace is desirable, because it 
is possible to have a low air gap 
density with a large flux per 
pole- On the other hand, the 
leakage flux, the flux that passes 
between poles and does not 
cross the air gap, will be large 
_ for a large per cent pole em- 

brace. For direct-current ma- 
Fig. 23. chines, 60 to 75 per cent pole 

embrace is generally satisfactory. 
For commutating-pole motors and generators, the ratio of the pole arc 
to the pole pitch should generally not exceed 70 per cent. The lower 
values are necessary to avoid excessive leakage flux for main and 
commutating-pole. The number of slots embraced by the pole may in 
some cases determine the pole arc (see page 42, Chapter III). 

For commutating-pole machines, 66 per cent pole embrace is gen- 
erally satisfactory. A good air 
gap flux distribution curve is ob- 
tained with the shape of pole 
shoe shown in Fig. 23. 

Construction of No-Load Field 
Form. — The useful flux per pole, 
in passing from the pole shoe into 
the armature, spreads out over 
the entire pole pitch. The flux 
will distribute itself in the air gap 
in such a way that the total re- 
luctance will be a minimum. The 
flux path in the air gap under the pole may be assumed to be divided 
into tubes of force, as shown in Fig. 24, each tube being of unit 
length in the direction parallel to the shaft. 

If hx is the mean width of such a tube of force, and 5a; the mean length, 




then the permeance of the tube is proportional to — , and the flux density, 

5a. 


for a small portion of the armature surface of width, a®, and of unit 
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length, is proportional to 



If Bg is the maximum air gap density 


at the center of the pole, where the air gap has a length 5, then Bg is 

proportional to i, because is equal to hx at the center of the pole. 
5 


Since the same m.m.f. acts on the tube of force at the center of the pole 
and at the pole tip, the air gap densities are to each other as their 
respective permeances, that is, 


Bx : Ba 


dx 


, 1 
’ d 


or, 


dx^X 


(16) 


To construct the air gap flux distribution curve, it will then be 
necessary to plot ^ the magnetic flux distribution in the air gap. Since 



Fig. 25. — ^Approximate air gap lengths for direct-current generators and motors. 


the pole is symmetrical about the center line, it is necessary to lay out 
only one-half of the pole and one-half of the pole pitch on the armature 
surface. For this construction the length of the air gap must be Imown; 
it may be estimated with the help of the curve Fig. 25. 

In plotting magnetic fields, it is generally assumed that the iron of 
the pole shoe and armature have infinite permeability as compared to 
air. The flux lines will then leave the pole face and enter the armature 
at right angles. 

The flux and equipotential lines must intersect at right angles and 
are so drawn that each tube of force is divided into a number of equal 
squares. From equation 16 it is apparent that the flux density at 
any point on the armature surface will be proportional to the ratio of 

2Archiv flir Elektrotechnik, Vol. 11, 1922, p. 85; Electric Journal, Vol. 23, 
July, 1926, p. 355; General Electric Review, Vol. 29, Nov., 1926, p. 797; A.I.E.E. 
Journal, Vol. 46, p. 430 and discussion, p. 614. 
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the length of a side of a square at the center of the pole, to the length 
of a side of a square at the point on the armature surface under con- 
sideration. This is true if the same number of equipotontial lines is 
used at the center of the pole as at the pole tip. Tor a larger number of 
squares at the pole tip, the ratio of the sides ol the squares must be 
multiplied by the ratio of the number of squares. The flux plot for a 
300-kw, 900-r.p.m. direct-current generator is shown in Fig. 2G. 

The air gap flux distribution curve is easily obtained from the flux 
plot by dividing one-half of the pole pitch on the armature surface into 
a convenient number of equal parts. The length of the squares is 



scaled from the dramng for each of the points on the armature surface, 
and the flux density is calculated as explained above. The density at 
the center of the pole is taken as 100, or 100 per cent. 

By plotting the points on the armature surface as abscissas and 
corresponding values of flux density as ordinates, the curve, showing 
the flux distribution on the armature surface, is obtained. Figure 27 
shows the flux distribution curve for the flux plot shown in Fig. 26. 
As Fig. 27 shows, the flux distribution curve does not pass through zero 
on the center line between poles. By superimposing a portion of the 
field form of the adjacent pole, which is of opposite polarity, and sub- 
tracting the corresponding ordinates, the true field form is obtained. 


CONSTRUCTION- OF NO-LOAD FIELD FORM 
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In Fig. 27; CF is oqiinl to CB but is of opposite polarity. By sub- 
tracting the ordinat(\s of CF from CBj the true flux distribution curve, 
BF, is obtained. The accurac}^ employed in making the flux plot will 
determine the accuracy of tlie flux distribution curve. 

The author lias used for sojue time in the design of electrical machin- 
ery, a very much simplified method*^ to obtain the field form. It con- 
sists of dividing one-half of the pole pitch on the armature surface into 
a convenient number of parts, and drawing the center line of a tube of 
force foi* ea.ch point in such a way that it will leave the pole face and 
on ten* the a-rmal-mn surface at right angles.. 

If tli(^ kngth of die air gap at the center of the pole is taken as the 
unit lor mea,suring the length of the remaining flux lines, and if the 



Fro. 27. — Flux distribufion ciirvo for flux plot shown in Fig. 26. 


average width of the tube of force is assumed to bo equal to the maximum 
width, then formula iG becomes, 

= B„- (16a) 

with measured in terms of 5, the- length of the air gap at the center of 
the pole. The value of the flux density for each of the points on the 
armature siu^face can easily be calculated by formula 16a, and the 
field form curve plotted. The true field form is obtained in the same 
way as explained for Fig. 27. The method of drawing the flux lines is 
shown in Fig. 24 and is for the same pole shown in Fig. 26. The flux 
distribution curve is shown in Fig. 28. 

See also Electric Journal, Vol. 24, May, 1927, p. 215. 
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This method is, obviously, only approximate and gives the density 
at a point approximately midway between the armature surface and 
pole shoe. For the purpose of determining the air gap flux distribution 
factor, this method is generally sufficiently accurate, because a small 
error in the determination of the flux distribution curve in the inter- 
polar space will have only a small effect upon the flux distribution 
constant. 

The flux distribution curves shown in Figs. 27 and 28 have been 
constructed on the assumption that the armature core and polo tips are 



Fig. 28 —Flux distribution curve for flux plot shown in Fig. 24. 


not saturated, and that the armature surface is a smooth surface with 
no slots. The effect of open armature slots is to produce notches in the 
top of the field form, as shown in Fig. 29, which is the field form of a 
small direct-current generator taken with an oscillograph. These 
notches travel along the wave during rotation so that the field forms 
of Figs. 27 and 28 show the average wave form. 

Air Gap Flux Distribution Factor.— The definition of the air gap 
flux distribution factor has been given above as the ratio of the area 
under the flux distribution curve to the area of a rectangle having the 
same base and maximum ordinate. The area under the flux distribution 
curve can be found by the use of a planimeter; this area divided by 
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the area of a rectangle having the same base and maximum ordinate 
gives the air gap flux distribution factor. 

The flux distribution curve and rectangle have the same base line. 
The air gap flux distribution factor can, therefore, also be defined as the 
ratio of the average to the maximum ordinate. The average ordinate 
can be found by dividing the base line into a number of equal sections, 
the sum of the mean ordinates of each section divided by the number of 
ordinates being the average ordinate. Figure 27 shows the air gap 
flux distribution curve and the calculations for the average ordinate 
^ and flux distribution constant for the flux plot shown in Fig. 26. 



Fig. 29. — Air gap flux distribution curve of 5-kw., 1200-r.p.m,, direct-current 

generator. 


^Sample Design. — A 300-Kw, 900-r.p.m., 230-volt, compound- 
wound, direct-current generator is to be designed. The generator is to 
be part of a synchronous motor generator set, to have commutating 
poles, and be over compounded to give a full load voltage equal to 250 
volts. The efficiency of the generator should not be less than 92.0 per 
cent at full-load and normal voltage, and is to be calculated from the 
losses in accordance with the A.I.E.E. Standards. The temperature 
rise of no part of the generator should exceed 50° C. when operating at 
full load continuously. 


Kw 


X 10^ 


300 

900 


X 103 - 333 
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The output constant from the curve Fig. 22, is 2.04 X 10^. 

Table I, page 21, shows that the best design can generally be obtained 
with 6 poles for a machine of this size and speed. 

By formula 14, page 19, 


D = 


/3QQ X 2.04 X 10^ X 6 


^i(l.^to 3.14) 
= 30.0 to 23.5 in. 


900(1.5 to 3.14) 


The corresponding values for I, the length of the armature, are 
calculated by formula' 'll. 


Z = 


KwaF 


300 X 2.04 X 10^ 


900 X (30.0^ to 23.5^) 

= 7.55 to 12.30 in. 

The peripheral speed for 30-in. armature diameter is: 

irDn _ 3.14 X 30 X 900 
^ 12 12 

= 7060 ft. per min. 

and for 23;5-in. armature diameter it is 5530 ft. per min. 

In order to avoid expensive constructions, it is generally desirable 


to use peripheral speeds of 6000 ft. per min. or less, 
armature diameter of 25 in. is chosen for this design, 
speed will then be, 

irDn _ 3.14 X 25 X 900 
12 " 12 


Therefore, an 
The peripheral 


V = 


= 5890 ft. per nain. 

The length of the armature, 

I -EE:£.- 300 X 2.04 X 10^ 

~ ” 900 X 252 

= 10.9 in.; use 11.0 in. 

The frequency of the flux reversals in the armature core, 
pn _ 6 X 900 


/ 


2 X 60 2 X 60 

= 45 cycles per sec. 
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P 


The pole pitch on the armature circumference, 


^ ^ TT X 25 

'P 6 


13.10 in. 


Choosing 66 per cent pole embrace, the pole arc on the armature 
circumference, 

5 == r X 0.66 = 13.10 X 0.66 = 8.64; use 8f in. 


The length of the air gap is taken equal to 0.17 in. (see curve Fig. 25). 
The shape of the pole shoe is made the same as shown in Fig. 23. The 
flux plot is shown in Fig. 26 and the flux distribution curve in Fig. 27. 
The air gap flux distribution factor is 0.665. 
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CHAPTER III 


ARMATURE WINDINGS AND INSULATION 

The following armature windings are used for modern direct-current 
generators and motors: 

1. Lap Windings. 

(a) Simplex Lap Windings, for which a == p 

(b) Multiplex Lap Windings/ for which a = mp 

2. Wave Windings, 

(a) Simplex Wave Windings, for which a = 2 

(&) Multiplex Wave Windings/ for which a = 2m 

3. Erogleg Windings. 

Simplex Lap Windings. — A simplex lap winding for a 4-pole machine 
Avith 24 armature slots and 2 coil sides per slot is shown in Fig. 30, 
The position of the coils in the slots and the connection of the coils to 
the commutator are apparent when tracing the coils of the armature 
winding. Starting with commutator segment 1, Fig. 30, and passing 
by front end-connection to coil side 1, in the top of slot 1, along coil 
side 1 to the back of the armature, along back coil end-connection to 
coil side 14 in the bottom of slot 7, along coil side 14 to front of armature 
and along front end-connection to commutator segment 2, one arma- 
ture coil is traced. Continuing now from commutator segment 2 to 
coil side 3, across the back of the armature to coil side 16 and then 
along coil side 16 to commutator segment 3, two armature coils are 
traced. In this way, after returning to commutator segment 1, along 
the front end-connection of coil side 48, the entire winding wiU have 
been traced. 

' Multiplex -windings are not used much in practical macliine design, and discus- 
sion of them is omitted here. The reader wishing information on these windings is 
referred to “Armature Winding and Motor Repair/ by D. H. Braymer, pp, 1-25, 
McGraw-Hill Book Co., New York; ^ principles of Direct Current Machines,” by 
Alexander Langsdorf, 3rd ed., pp. 116 to 147, McGraw-Hill Book Co., New York; 
“Die Gleichstrommaschine/ by Dr. Arnold and LaCour, pp. 28-90, Julius Springer, 
Berlin. 
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From Fig. 30 it is apparent that the coil sides are arranged in two 
layers and that the two coil sides connected together by the end-con- 
nection on the back of the armature are in different layers, one in the 
top of a slot and the other in the bottom of a slot. It is also apparent 
that the slots in which the two sides of each coil lie are a pole pitch apart 
and that the terminals of each coil connect to adjacent commutator bars. 

The interval between the two coil sides connected by the end- 



connection on the back of the armature is called the back pitch, Fi, 
and is expressed in terms of the number of coil sides spanned, whereas 
the interval between the two coil sides connected on the front of the 
armature is called the front pitch, F 2 , and is also expressed in terms 
of the number of coil sides spanned. In tracing the armature winding, 
we progress in one direction at the back and in the opposite direction 
at the front of the armature. One pitch, usually the back pitch, is, 


Liluxululu, Luiihieiuifii po»ibivo finci tne otncr nogative* me aJgebraic 
sum of the l^ack and front pitcli is called the resultant pitch, and is 
always equal to 2, for simplex lap windings. The buck pitch and front 
pitch must always bo an odd integer. 

The interval between the commutator sogments to which the 
terminals of one coil are connected is called the commutator pitch, Tc, 
and is expressed in terms of number of commutator scgiiionts, Figiiro 
30 isliows that the commutator pitch is always equal to one, for a simplex 
lap winding. The back pitch, front pitch, and commutator pitch are 
shown in Fig. 31, which is a developed diagram of the winding shown 
in Fig. 30. 

Tim armature coils may bo coiuu'ctcd to the commutator sogmoiiis 



as shown in Fig. 32. If wo trace the winding starting with commutator 
segment 1 and passing along front cncl-connoction to coil side 1, along 
coil side 1 to back of armature, along back end-connection to coil side 
14, along coil side 14 to front of armature, wo come by front ond-con- 
noction to commutator segment 24 and not to commutator segment 2, 
as for the winding shown in Fig. 30. Prom commutator segment 24 
wo pass to commutator segment 23, etc. For the winding shown in 
Fig. 32, we progress around the armature in counterclockwise direction 
when tracing the winding, whereas for the winding shown in Fig. 30 
we progress in the clockwise direction. The winding in Fig, 32 is called 
a rotrogrossivo winding and that in Fig. 30 a progressive winding, For 
tlio progressive winding the hack pitch is larger than the front pitch, 


wneroas lor tiio ren-ograssivc winding tlie tront is larger than the back. 
Tlie lesultant pitch and the commutator pitch arc po,sitivo for the pro- 
gicssivc winding and negative for tlie retrogressive winding. 

It is obvious from Figs. 31 and 32 that tlie polarity of the progressive 
winding is opposite to the polarity of the retrogressive winding. A 
motor with retrogressive armature winding will thcroforo run in opposite 
direction to a motor with progressive armature winding. The space 
required for connecting the annature coils to the commutator and tho 
Icnglh of the niean-tiirn of the armature coil will be slightly larger for n 
the rotrogressiyo winding than for the progressive winding. Since thell 
retrogressive winding offers no advantages over the pr’ogrcissive winding, i 
lap windings should always be made progressive. 'I 

The back pitch expressed in terms of the number of slots embraced 



Fig. 32, — Developed lotrogrcssivo Bimplex lap winding diagram. 


by tho armaturo coil is called the coil pitchy r«; it is always approxi- 
mately equal lo the number of slots per pole. 

Tho formulas for the simplex lap ^Yinding can now be written as 
follows: 


The coil pitch, 



the back pitch and front pitch, 


and 


IT-an + 1 

72 = 7i - 2Yc 


(17) 

(18) 
(19) 


tvun mm Lti I Ui 

Yc - ± 1 . 


( 20 ) 


!For the >vinding shown in Fig. 30, 
iV 24 

r, t! == ri G 

]) 4 

Fi - a F. + 1 - 2 X 6 + 1 - 13 
2y.= Fi ^ Fs - 13 - F2 
F:. - 13 - 2 - 11 

and for the winding shown in Fig. 32, 

r, - 6, Yi - 13, r. == 13 + 2 - 15. 

The windings tlius far shown have two coil sides per slot, and the 
number of slots per pole is an integer. Figure 33 shows a progressivo 
simplex lap winding for a 4-pole machine with 26 slots and 4 coil sides 
per slot, 

Fa = - = — = 6|; use 6 
P 

Fi - a -f 1 - 4 X 6 + 1 - 25 
2Yc = Fi - Fa - 25 -- F2 
Fa 25 -- 2 23. 

From this diagram it is obvious that the coil sides short-circuited 
by the brushes do not all lie in the same position in all the slots, Tho 
reason for this is tho fact that the winding is chorded, that is, the coil 
throw is less than full pitch* Chording the armature winding has the 
effect of decreasing the mean-turn of tho armature coil and tho weight 
of the armature copper, but, because of its effect upon commutation, a 
cliorcling of one slot pitch can ordinarily not be exceeded. For com- 
mutating-pole machines, the armature coils should in general not bo 
chorded more than one-half slot pitch, because a wide commutating 
pole is 1 ‘cquirocl for chorded windings, in order that tlie coils in the com- 
mutating zone will be under the effect of the commutating pole. 

Simplex Wave Windings. — simplex wave winding for a 4-poIo 
machine with 25 armature slots and 2 coil sides per slot is shown in 
Fig, 34. The development of the simplex wave winding is apparent 
when tracing through the armature winding. Starting with com- 
mutator segment 1, in Fig, 34, and passing along front end- connection 



end- connection to coil side 14, along coil side 14 to tho front of the 
armature, and along front ond-eonncction to commutator segment 13, 
one armature coil is traced. Continuing in this until coils 
have been traced, the armature will have been passed around once 



when commutator segment 25, adjacent to segment 1, is oncounterocl. 
If the armature is passed around in this way as many times as there 
are commutator segments between tho terminals of a coil, the winding 
will close on commutator segment 1. 

Just as for the lap winding, the coil sides of tho wave winding are 
arranged in two layers, with the sides of each coil lying in difVoront 



Fig. 34. — Rolrogresaive simplex wave winding, “ 26, /T === 26, p - 4. 


Tho front pitch, back pitch, resultant pitch, and commutator pitch 
aro sliown in Fig. 36, which is a developed winding diagram for the 
winding shown in Fig. 34. It is apparent from this diagram that the 
back pitch and front pitch arc both measured in tho same direction 
and that the resultant pitch is the sum of the back and front pitch. 




segment, as shown in Fig. 36, the winding is eallod a progressive wind- 
ing, and if connection is made to a commutator segment to the left of 
the first segment, ns shown in Fig, 34, it is called a retrogressive 



Fro. 36. — Dovolopctl progreasivo simplex wave winding diagram, 
^ - 25, i?: = 26, p == 4. 


winding* For wave windings, the retrogressive winding is used when- 
ever possible, 


ments are passed over, wlicn passing around the armature once in 
tracing the winding, and that connection is made to the commutator 
/)/2 times, \vith connection points a commutator pitch, Ycj apait. 
Therefore, 

Ye = /<■ ± ] 

2 

and 

7 , = 2 ( 21 ) 

V 

When the positive sign is used, the winding will be progressive and when 
tlie negative sign is used, it will be retrogressive. The coil pitch, 



V 

and tlie back pitch and front pitch, 

Yi = Cs Y. + 1 
To = 21% Yle 

For the winding shown in Fig. 34; 

5 ^ = 6[ = 0, Fi = (7, + 1 - 2 X G + 1 = 13 

P 

== = 2 = 12, Yi = 2F, - Fi = 2 X 12 - 13 = 11 

p -1 

and for the winding shown in Fig. 36: 

}\ =: 6, Yi - 13, Yc = 13, Y2 =- 13. 

From the developed diagram, Fig. 35, it is obvious that half of all 
the armature coils are connected in series, so that the number of parallel 
paths for a simplex wave winding is always 2, regardless of tlie number 
of poles. Figure 35 also shows that all brushes of hke sign are connected 
by the coils lying in the neutral zone. It is then not necessary to con- 
nect brushes of like sign, and all brushes, with the exception of one 
positive and one negative, may be omitted. In general, wave-wound 
machines have as many brush arms as there arc poles. In some cases, 
for example, in street railway motors, it is difficult to obtain access to 
one or more brush sots. For such cases, sets of brushes arc often 
omitted. 




ui i.uii siaes por slot need not be 2, as shown in Figs. 34 

and 35. It can be more than 2, but jnust be a inultiplo of 2, The luini- 
bor of coil sides per slot timt may bo used for any number of poles is' 
mucli more limited for a wave winding than for a lap winding. If all 
slots arc to have the same number of coil sitlos and if for K, in formula 
C 

21, ~ aS is used, then 
2 

C, 

Tc - ^ 2 . ( 22 ) 

P 

If, for example, — 6, tlmro is no number of slots, S, for a C-polo 
machine that will make the commutator pitch, K<., an integer. The 
accompanying table ^ gives the number of coil sides per slot for various 
numbers of poles, for which a wave winding is possible with all coils 
connected to the commutator, that is, no dead coils. 


TABLE ITI 


No. of Poles 

Coil Bides per Blob 

P 

C, 

1 

4 1 

2 

— 

0 

1 

1 

1 j 


0 

I ^ 

4 

~ 

! s 


H 

2 

— 


1 

! 

10 

2 

1 

(') 

! 


12 

2 

— 

— 

— 


M 

2 

4 

G ' 

1 

8 


16 

1 

2 1 


6 

— 



If it is closii’od to use a certain number of slots for a given number 
of poles and coil sides per slot, it may not always be possible to have the 
commutator pitch equal to an integer, with the full number of com- 
mutator segments and coils. For example, if it is desired to use 50 


^ ''Die Glcichstrommaschine/* VoL 1, 3r(l ed., p. 52, Julius Hpringer, Beilin, 
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ISO ± 1 


pitch, 


i: 


4 


2 - 7H or 7r^h 


But the commutator pitch must be an integer, If one commutator 
bar is omitted and one coil in the armature winding is not connected, 
then the commutator pitch, 


1 


149 ± 1 
4 


2 -= 74 or 75. 


The coil that is not conn6cted is called a dead coil.” It is placed on 
the armaturo to keep the armature mechanically balanced but is not 
connected to the commutator. The number of armature slots will 
usually be an odd number, as formula 22 shows, and wave windings, 
thoreforo, will generally bo chovded windings and not pitch windings. 
What has boon stated about chording of lap windings applies also to 
wave windings. 

Equalizer Connections.— From the developed winding diagram 
shown in Fig. 31 it is obvious that, for the lap winding, all the coils of 
one armature path lie under adjacent poles. If the flux in the air gap 
under the polos is not the same for all tlic poles, the voltage induced in 
the various armature paths will not be the same. In consequence of 
this difference in voltage of the armature paths, equalizing cuiTcnts 
will flow through tho brushes. Those equalizing currents may over 
load the brushes ^ and may cause local armature heating and sparking 
at tho bruslics. 

Tho inequality of tho flux under the polos may be caused by unequal 
air gap lengths under tho poles, by a difference in the shape of the polo 
slioo, or by non-uniformity of the matoiual of tho field polos and jmkc, 
caused by ** blow-holes and tho like in cast steel poles and yoke, 

If commutator bars which occupy the same position under poles of 
like polarity arc connected, the armature current will be equalized 
before commutation. These connections between points of the same 
potential are called equalizer connections. The interval between 
cquipotential points, expressed in number of commutator bars, is 
called the equalizer pitch, 

F„ - 2 (23) 

a 

Tho best possible equalization is obtained when all points of equal 

3 ^'History of tho Dovolopmont of the D.C.-Generatoi’ in America,” Electric 
Journal, Yol, 12, p, 117, 



potential arc coimoctccl by equalizer connections. The number of 
equalizer connections shown in Fig. 37 is used only for very high-speed 
and large-capacity machines. An equalizer connection for every 3 or 
4 commutator bars has boon found to be satisfactory for normal 
machines. 



Tho section area of the conductor used for equalizer connections 
depends upon the value of the equalizer current. This current cannot 
be predetermined, Practice lias shown that; with tho number of equal- 
izer connections given abovo, a section area of tho equalizer conductor 
equal to from 0.50 to 1,0 times tho section area of the armature con- 
ductor is satisfactory for most cases. 



— uiiuquHi jiux under tlie various polos lias no 

effect upon the voltage iiulucoci in each armature path, because all the 
coils of each path arc approximately uniformly distributed under all 
the poles. 

Frogleg Winding. — The frogleg winding consists of a lap winding 
and a wave winding placed on the same armature. The wavo winding 
is connected to the commutator at the cquipotential points of the lap 
winding. In this way^ the wave winding acts as an equalizer for tlio 
lap winding at the same time that it is cariying useful current. Thi.^ 
t3"po of winding is described by W. IL Powell and G. M. Albrecht/^ 
Number of Armature Slots. — The total number of con due tors, iV, 
can be determined by formula 4, 

^ ^ BaXmX 10 ^ 

(funfa 

The conductors per slot must be an integer, and for two-Iaycr windings 



they must be an even number. A small number of slots require a Im'ge 
slot, because the number of conductors per slot will then be large. A 
saving in insulating material is generally possible by the use of a small 
number of slots, but because of the effect of a small number of open 
slots upon the flux in the air gap, this saving can generally not bo 
realized. 

In Fig, 38«, the pole shoe covers 5 armature teeth and the flux from 
the pole passes through 5 teetli into the armature. In Fig, 38h, the 
armature is moved 4 tooth pitch to the right, and tlie flux from the 
polo passes through G teeth into the armature. ^When the number of 
slots per pole is a whole number, the number of slots embraced by each 
polo will be the same for all positions of the armature. For the position 

» Iron and Steel Engineer, Vol. 2, Sept, and Nov., 1026. 

Gleichstrommasehine,’' Vol. 1, 3rd ed., p. 139, Julius Springer, Berlin 


of tliG armature shown in Fig. 38a, the reluctance of the air gap is 
greater and the flux under the polo is smaller than for the position 
shown in Fig. 38&. When the armature rotates, the flux in the air gap 
will necessarily pulsate. Pulsations of the flux in the air gap produce 
iron losses in the pole shoes and give rise to magnetic noi.sos. 

In Fig, 39a and h, the pole shoe covers 5^ slots. The total reluc- 




tance of the flux path and the flux under the polo remain approximately 
the same for all positions of the armature. From Fig. 39a and h it 
may bo soon that the reluctance and the flux under tho tips of the polo 
are not the same for all positions of tho armature, and that, when tho 
armature rotates, the flux under the polo oscillates between the polo 
lips. The oscillating flux in the air gap produces ripples in ilio voltage 
induced in the conductors moving under the poles. The pulsations 



and oscillations of the flux in tho air gap will be small when tho pole 
shoos are well beveled, when tho air gap is large, and when tho slots are 
narrow in proportion to the width of the teeth. 

When the number of slots per pole is equal to a whole number 
plus I (see Fig. 40), tho roliictanco of tho flux path per pair of 


I 


ljuivh will DR practically constant for all positions of iho armature, 
and there will bo no pulsations or oscillations of the ilux in the air 
gap. 

To avoid pulsations and oscillations of tlio flux in the air gap, the 
number of slots per pole should bo equal to a whole number plus 
When this is not possible or advisable for other reasons, the number of 
slots per polo arc should be an integer. 

Pulsations and oscillations of the flux under the commutating 
polo must be avoided, as they may cause sparking. A largo air gap 
under the commutating pole and a small tooth pitch help to reduce the 
olTecl of tlio armature slots upon the flux under the commutating polo. 
In g(MicraI, the munlior of slots between the tips of two adjacent polos 
shoiihl be at least 8, or 


(1 - f)- ? 3. 
V 


Aasuining 0(5 per cent for llio number of slots per ijole, 


5S = 
- > 


V 


3 0 

(1 - . 0 ( 5 ) 




S.82, 


li’or machines with small armature diamolor, for which the slots per 
pole will bo smaller than as given above, partly closed armature slots 
will generally be required. 

Armature Coil Construction and Insulation. — ^Armature coils for 
diroct-ciin’cnt machines are wound with insulated wire or with bare 
rectangular strap copper. The shape of the ciuss-scctiou of the wire 
is round, squai-o, or rectangular. The copper tables in the Appendix 
give the bare and insulated dimensions, the I’osistance and weight of 
standard round and square wire, and of some sizes of insulated rect- 
angular wire. The dimensions, resistance, and weight of a number of 
sizes of strap copper are also included. Hound wIto is used mostly in 
the smaller sizes for small capacity maohincs and for high voltage 
machines. Square and rectangular wires are used whonover possible, 
because they give a better space factor and a mechanically stronger coil. 
Strap copper is used when conductor of large cross-section are required 
and especially for coils having only one turn. 

Bare strap copper coils are formed on a mold, such as shown in 
Fig, 41. After the coils ai'C formed, they are insulated, to protect them 
from the neighboring coils in the slot. A completely insulated full 
coil, comprising four coils, is .shown in Fig. 42, The term " coil ” 
refers to the element connecting two commutator bars, the term 



Fig, 41, — Mold for forming armature coils. 


together and placed into the slot as one coil. The number of coils is 
equal to the number of 


commutator bars, and the 
number of full coils is equal 
to the number of slots. 

Wire-wound coils arc not 
always wound on a form, 
such as used for strap copper 
coils, but arc often wound 
into tlie form shown in Fig. 
43 and then pulled into the 
desired shapo by a coil- 
pulling machine. With this 
method of winding wire- 
wound coils, all the coils 
comprising a full coil are 
wound at tlic same time, 

Strap-wound armature 
coils are generally arranged 
in the slot as shown in 



Fia 42. — Quotum strap copper armature coils 
for wave winding. 


Fig. 44, whereas wire-wound coils are arranged as shown in Figs, 46 




and 46, ihe line through tlic conductors indicates the conductors 
in parallol. The voltage between coil sides, side by side in a slot, 

IS equal to the voltage between ad- 



Fig. 43 — Armature coil before being 
jiullcd out. 


between adjacent commutator ba 
value divided by ”, The ^mltage 

2i 


j a cent commutator bars, because 
coils, side by side, arc coimoeted to 
adjacent commutator bars. For coils 
with more than one turn, the voltage 
per turn is equal to the coil voltaat? 
divided by the number of turns pvr 
coil. The vol(ag(‘ per coil, -for lap 
windings, is eriual to the dogrei' 
of multiplicity times the voltage 
rs, and for wave windings it is this 

)or turn for either type of winding i>s. 





(24) 



To avoid flashing, tho maximum voltage between adjacent commutator 
bars should be loss than 30 volts (see page 51). 

The voltage between the coil sides in tho top of tho slot and those 
in the bottom is approximately 0(iual to the terminal voltage, beeaiiso 
the coil pitch is generally equal to tho pole pitch. 

Tho insulation between tho winding and core is subjected to moclumi- 
cal stresses and must, therefore, be lioavior tlian is required for electrical 



luii.a UL WIC3 require that the 

inHiilalion ])otweon arniaLure core and windings shall withstand, for 
one numih^, a (K)-eycIi^ effecUve e.in.f., applied ))otwoen core and wind- 
jng, e(|iial to 2 times the terminal voltage of the winding plus 1000 volts. 

test voltage is to h(i applied to the winding after the temperature 
h^st, wIkui the windings are at normal opo'ating teinpcratiirc. 

Armature coils wound with baro strap copper arc generally insulated 
with cotton tape. The entire coil is taped Jialf-lapped, with linen 
finished cotton tape, generally 0,005 to 0,007 in. thick. The coils are 
tlam tliorouglily dried in an ov(ai, dipped in lloxilde ])aking varnish, 
and l)ak{Kl at. a lemperature of 100"^ G. for 8 or 10 hours or until dry. 

Gor wire- wound coils, 

(loulde-cotton-coverod wire is 
generally us(h 1. For small 
machines, with a largo num- 
her of turns of small wire per 
coil, singhi- cot Lon - covered 
enamel wire is used. After 
the coils ar(^ wound and pulled 
into the proper shape, they 
are dried and finished in the 
manner described in the pre- 
ceculing paragrap b . The 
varnisli treatment not only 
servos as a good insulator 
but also cements the individ- 
ual conductors of the coil 
togethor and eliminates air 
po ckols . D o u b 1 0 - e D t i 0 n - 
covered wire may l)o used for a voltage per turn as high as 25 volts. 
When the voltage per turn oxcoclIs 25 volts, triple-cotton covering 
or some other method of insulation must be used. 

A largo number of insulating inatorials and a variety of methods ^ 
arc used for insulating the armature coils from the core. For open 
slots, wbicli is the typo of slot gonerally used for all except very small 
mad lines, and for formed coils, the insulation may all be placed on the 
coil or all in the slot, or part on the coil and part in the slot as slot lining. 
The first method is the one most used. ]^'’or very small machines witli 
pai‘(l 3 ^ closed slots, all tlie insulation between armature coils and core 
must be placed in the slot as slot lining. 

Insulation and Design of Electrical Windings/’ Longmans Green & Co,, 
London, 
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of the coil depend upon the voltage of the winding, the size of the coil, 
and the mechanical stresses it will have to stand when the machine is 
in operation. 

Figure 44 shows a method of insulating the slot portions of armature 
coils for 260-volt windings with strap-copper coils. The middle con- 
ductor of each layer is insulated with cotton tape, half-lapped and 
treated with insulating varnish. The throe coils of each layer are com- 
pletely insulated before they arc placed into the slot. The straight 
part of the coil is wrapped with empire cloth in such a way that there 
are three thicknesses on one side and two on the other. 'J^'lio coil end- 
connections are taped with empire cloth tape, half-lapped. The entire 
coil is then taped with cotton tape, with the turns of the tape butted on 
the slot portion of the coil and half-lapped on the end-connections. 
The coils arc then thoroughly dried in an oven, dipped in flexible bak- 
ing varnish, and baked at a temporature of 100° C, for 8 or 10 hours 
or until dry. 

The slot lining, which is generally fish paper or red-ropo paper, 
from 0.007 to 0.010 in, thick, is used simply to afford mechanical pro- 
tection to the coils when they arc pushed into the slots. The slot 
lining extends over the top edges of the slot while the armature is being 
wound. It is cut off flush with the nrinatiiro surface when the coils 
are in place and folded over the top of the coil, to protect it when the 
wedge is put into place. Figure 45 shows a method of insulating the 
slot portion of wire-wound armature coils for 250-volt windings. After 
the coils are wound and pulled into the proper shape, they are dipped 
in insulating varnish and baked. The method of insulating the coil is 
the same as that shown in Fig. 44, with the exception, that a wrapper 
of paper and varnished cambric instead of empire cloth is used on the 
straight part of the coil. 

Figure 46 shows a method of insulating tlie slot portion of wire- 
wound armature coils for 500-volt windings. The varnish-treated coils 
are taped all over with cotton tape, half-lappod, Tho taped coils are 
again dried, dipped in varnish, and baked. The straight part of tlie 
coil is wrapped with empire cloth, or paper and -mica, with three thick- 
nesses on one side and two on tho other. The coil is then taped all 
over with cotton tape, with the turns of tape butted on tho slot portions 
and half-lappod on the end-connections. After tho coils are treated 
with insulating varnish and baked, they are placed into fchc'slots in the 
same way as described for the 250-volt strap-copper coils sliown in 
Fig, 44. 

The slot shown in Fig. 46 is not soalocl by a wedge, but tho coils are 


. JO J.41W H.HU tJJ VYJliV^lI lU »0 |JU;>»iJJlU 

to clotcrmiriG when band wires should bo used to hold tho coils in tho 
slots or when wedged should bo used. In general, band wires arc used 
for small diameter machines, when it is necessary to keep tho slot 
d(»pili ns small as possible. 

Figure 47 shows a method of insulating direct-current armature 
coils for open slots, with and without wedge, for voltages including 
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Thioknoss 




IiiHulation for Armature 
Oiuuluoiora lu Slot 


To Bo 
Added to 
Dopth of 
Cou- 
duotora 


To Be Added to Width of Conduptora— 
Number of Coiiduotora per Slot 


2 4 0 8 


In. 


In. 


III. 


In. 


In 


Around (loiiduotor, O-inll cotton tape Initt — • 

VarnlNli to 7 milfl. * 

Vorlloal BO|>iirator» 8-inU paper na ehown , . 
Around uroup of conduclore^ 10 nul — ^Vnr- 

nlalied olotn half lap ; 

Aroujul Kroup, 5-mil cotton tape butt Slot 
arinoi;, 10- mil horn fibre at aldea and bol- 

tom of fllot 

Clcniance . .. , . 

Total of inaidalion and olcarnnco to bo 
added to conductor to dotormino al/o 
of 


0 028 


0 080 

0.020 


0.010 

0 012 


0 150 


0 014 


0.010 

0 010 

0 020 
0 012 


0 000 


0 028 
0 003 


0 010 
0 OlO 


0 020 
0,012 


0.113 


0 012 

0 

050 


m 

000 

0 010 

0 

010 

O.OlO 

0 

.010 

0 020 

0 

020 

0 012 

0 

012 

0.130 

0 

147 


With WeJoo 

Tnaulation and oloaranoo aa above. ....... 

Tliicknoas of wedKO 

Blot armor lapped under woduo 

Total of above Insulation and clearance to 
bo added to aonduotor to dotormino size 
of slot * 


0 150 
0 150 
0 020 


0.320 


Wif/i Depreasxon 
(For Binding Band) 

Inaulatlon and clcaranco as above 

Popth of deprosaion , 

Total of above Insulation and oloaranco to 
bo added to oonduotora to determine also 
of slot. .... 


0 150 

0.000 

0.210 
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insulating inatcrials cinploj^rd and tlio cl(varancps used to calculaU^ tlui 
slot size. Figure dS shows a method of insulating the armature llangos 
which support the armature coil end-connections. After the armature is 
completely wound, it is sprayed all over with a black, high-gloss, air- 
drying insulating varnish. 

Choice of Armature Winding. — The armature winding should gen- 
erally be so chosen that the best possible space factor for the anuaturo 
slot is obtained. The ratio of the area of the copper in tlie slot to tlio 
area of the slot under the wedge is called the space factor. The larger 
the number of turns per coil, the larger will be the space required h)r 
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Fiu. 48.^ — Method of insulating anuaturo flanges. 


the insulation in the slot, The best space factor is obtained when the 
armature coil has only one turn. Tlio -winding that gives the smallest 
number of turns per coil will, therefore, generally be used. 

The number of conductors in series per path, 


a n 


X GO X iOS, 


that is, they are direc% proportional to — and inversely proportional 

to the total flux passing through the air gap. For a given air gap 
density, the total flux passing through the air gap varies directly with 
the cylindrical surface of tlie armature, and the snialler the armature 
the larger will be the number of conductors in scries per path for a given 
E 

value of — and Bff. For slow-speed and high-voltage machines and for 



usually navo a large' mini bar ol conductors in series per path, so that 
wave windings will usually lio ref{uired. 

Mul(.ip](^x wav(5 windings an) used for largo machines with a largo 
nuinl)('r of pol(‘s, wla'reas multi plox lap windings arc used only on very 
largo machines, for very high speeds. 

l^'or ‘l-polc macliines, it is desirable to choose the armature winding 
so that tile saino armature core may lie used for two voltages. If, for 
example, the' terminal voltage of a 50“Kw machine is 250 volts when 
tli(' armature is simplex wave wound, then the same Kw output at one- 
half the voltage is olitained when the armature is simplex lap wound, 
with the same nimilxu’ and size of conductors per slot. 

The armature winding must also bo selected with regard to the 
maxiiiuini voltage between commutator bars, to prevent flashing/ 
T^arge capacity machines will rarely llasli when the maximum voltage 
between commutator bars is 2<S volts. For moderate capacity machines, 
there is goiiorally no Hashing with 35 volts maximum l 3 Gtwcon adjacent 
commutator bars, and for very small machines this limit may rise to 
00 volts. In general, the maximum voltage between adjacent commuta- 
tor bars should not I'xeood 30 volts. 

The average voltage between adjacent commutator bars, 

e,n = •“ volts. (26) 


The maximum voltage between adjacent commutator bars for no 
load or for full load, for machines witli compensating windings, 


Oarn 



(27) 


For non-compensated machines, the field flux is distorted by the aciion 
of the armature flux, and the maximum flux density in the air gap at 
full load is as imich as 30 per cent larger than the maximum flux density 
in the air gap at no load. The maximum voltage between adjacent 
commutator bars for non-compensated machines, 


Cam 


Ep 

Kfa 


1.3 volts. 


(28) 


If 0.06 is nssuniocl as an average value for the field form distribution 
factor, thou tiio average voltage between commutator bars fqr com- 

’“pliysiral Limitations in D.C. Machines,” by B, G. Lamme, Trans, A.I.E.E. 
Vol. 34, p. 1762. 



20 volfcs, and for non'-componsatccl machines — or approxi- 

1 <j 


mately [5 volts. 

Armature Conductor Section. — The section area of tho armature 
conductor, 



K,W. Rating 

Fig, 40. — Approximate shunt field current for d.e. gcncrnlors and motors. 

The current per path in tho armature winding for macliines witli 
shunt field windings is, 

. I =b i/ I a 

U — amperes, (30) 

a (t 

whore the negative sign is for motors. The shunt field current must 
first be estimated. This can be dono by the use of the curve, Fig, 49, 
which gives the shunt field current in percentage of the full-load terminal 
current of the machine. 

The current density, in the armature copper is limited by the 
permissible temperature rise of the armature winding and by the effi- 
ciency of the machine, The current density to use for the armature 
conductor can not bo accurately predetermined, because of the many 
variable factors whijgh affect the ventilation of tlie armature, 

Assuming reasonably good ventilation, efficiency rather than tom- 
perature rise may be the limiting factor in the choice of A. For a given 
cflioiency, the value of the armature l^R loss may be assumed and the 



should generally be chosen as Iiigh as the temperature and efficiency 
guaranties will permit. This not only loads to a saving in armature 
copper, but also enables tlie use of shallow armature slots, which aids 
commutation, 

For open- typo machines, of the type of construction shown in 
Chapter I, for continuous duty and for voltages up to 000 volts, the 
armaLuro current density will bo as follows: 

High-speed belted or direct-connected machines, 

2000 to 3500 amperes per sq, in.; 

Slow-speod engine-type macliinos, 

J200 to 2500 amperes per sq. in. 


Size of Armature Slots. — The dimensions of the armature slots must 
be so chosen that they will accommodato the armature conductors with 
the necessary insulation, without producing excessive flux densities in 
the armature tooth. Wide-open slots produce pulsations of the flux 
in the air gap and increase the reluctance of the flux path in the air 
gap. The dimensions of tlie armature slots must therefore also bo so 
chosen that the effect of the slots upon the flux in the air gap will bo a 
minimum. For non-commutating-polo machines, the depth of the slot 
should generally not exceed four times the slot width, because deep 
slots increase the reactance voltage. For machines with commutating 
poles, deeper slots may bo used, because the commutating pole produces 
a commutating field to compensate for the reactance voltage. The 
tooth pitch on tlie armature circumference, 





( 31 ) 


The width of the slot should generally bo equal to or loss than the width 
of the tooth on the armature circumference. The maximum tooth 
density, the density at tlie root of the tooth, should not exceed 150,000 
lines per sq. in. For non-commutating polos, high tooth densities are 
used to minimize the effects of armature reaction, but high tooth den- 
sities, especially with high frequencies, produce high iron losses which 
affect the effioioncy and temperature of the machine. High densities 
in the armature teeth also require a large number of ampere-turns on 
the shunt field winding, which increases the amountof shunt field copper 
required, When commutating poles are used, high tooth densities are 
not necessary, because the commutating pole prevents shifting of the 
neutral point and furnishes the commutating field. 



the total fchicknoss ol tlio insulation in the wultli of the slot over the 
insulated conductors is as foHoivs: 


Vaniisiiod cambric. . 
Paper f3Pi)arai or . . 
Cotton tape. 

Pish paper slot lining. 


and in the depth of the slot, 

Varnished cambric , 
Cotton tape . 

Fish paper slot lining 


X 0 007 - 0 03,^ in, 
2X0 005 = 0 OlO 
2 X 0 007 - 0 014 
2 X 0 010 - 0 020 


0.079 in. 


10 X 0 007 = 0 070 in. 
*1X 0 007 = 0 028 
0 X 0 010 - 0 OHO 


0 128 in. 

From the copper tables the cliiuoiisions of the arnuituro conductor 
can bo found corresponding to iJie section area calculated by formula 



29. Tho method of calculating the width and depth of tlio slot is 
shown by the sample designs, page 68 and Cliaptor VIIL 

The dimensions of tho armature conductor can l)o determined ap- 
proximately by assuming a width of the armature slot o^ual to or loss 
than tho width of the tooth on tho armature circumferoncor Subtracting 
from this value the space required for insulation plus clearance, the 
remainder is tho space available for tho insulated conductors. This 
space, divided by the number of conductors in the width of the slot, 
gives the approximate thickness of tho insulated conductor. Tho 
width of the conductor can bo found from tho copper table for the thielc- 
noss and cross-section area required. 


- ^ IT XXJ-Ij 

shiipo of tlio armature coil cnd-eonncction for doublo-layor lap and wave 
wintliugs, is shown in Fig. 50. The length of the moan-tiini can bo 
(liviclod inLo two parts: the active part, cmbecldccl in the annaUiro 
iron, and the end-connoction, the part outside the armature iron. 
If d in Idg. 50 is the thickness of the coil cnU-conncction plus the 
cloarancc between coils, then 


d 

sin (X = —y 
li 


(32) 


whore a is the angle that tJio straight part of the coil ond'-connection 
makes with fclie edge of the armature coil, and li is the tooth pitch at the 
amuituro surface. The clearance, s, between armature coil end-con- 
nections depends upon the voltage of the winding and upon the ventila- 
tion required; practical values arc given in Table IV. 


q'ABLF IV 


Voltngo 

26 in. 

a in. 

Oto 300 

1.(50 

0 10 

300 to 0/50 

2.00 

0 15 

(ISO to 2000 

! 2 26 

! 

0.18 


TJio coil pitch is calculated on a diameter Uirotigli the mean of the 
slot depth and 


7r(Z) - ds) . 

in. 

P 


(33) 


The einboddcd part of tho armature coil is allowed to extend beyond 
the edge of the armature iron a distance b, Fig. 60. Practical values 
for h are given in Table IV. Tho loop at the ends of tho coils has a mean 
length approximately equal to the slot depth, 

TIio complete expression for one-half tho length of tho moan-turn 
of an armature coil, 

La ^ ^ + 26 -f- da “h Z in. (34) 

p cos a 


The horizontal extension of the armature coil beyond tho armature 
iron is equal to tho sum of 6 + / + Ot 50, Values for h are given in 


Tabic IV, 


f — C sin a in. 


( 35 ) 


and Q is approximately equal to the slot depth. 




(30) 


Ra 


LgNr 

aX X IQO 


ohms, 


whore r X 10 is the resistance of copper per inch of 1 sq. in, cross- 
section, For 25® C, r = 0.692 and r = 0,826 for 75® C. If the arma- 
ture conductor is built up of two or more wires in parallel, as is often 
done for large machines, the value used for Sa must be the section area 
of the group of parallel wires. 

The resistance of tho armature winding at any other temperature, 
^ 2 , can be calculated by formula 37 when its resistance at temporaturo 


T\ is known: , 


R2 = 


234.5 + T 2 
234.5 + Ti 


Ri ohms. 


Tho bare weight of tho armature copper, 

Ga - LaNSa X 0.321 lb. 


(37) 


(38) 


If the armature conductor is built up of two or moro parallel wires, 
8a must be tho section area of the group of parallel wires. 

Sample Design: Design of the Armature Winding . — From tho curve. 
Fig, 20, Chapter II, tho air gap density should bo approximately 
61 kilo-lines per sq, in, The total flux, 

if>i - irDlBg - r X 25 X 11 X 61 

- 52,700 kilo-lines. 

Tho total number of conductors required is calculated by formula 4, 
Tho induced voltage is assumed equal to 260 volts. For large machines, 
the voltage drop in the armature, series field, commutating field, and 
brush contacts can generally bo assumed to be 5 volts for each 125 volts 
at the terminals. For small machines, this drop can generally bo 
assumed to be equal to from 7 to 10 por cent of the terminal voltage. 
For a simplex lap winding, tho total number of conductors, 

^ X 60 X 10^ _ 260 X 6 X 60 X 10^ 

M/d 52,700 X 103 X 900 X 0.665 

- 296 


For a simplex wave winding, one-third of this number would bo required. 

The number of slots for the armature must now be so chosen that 
there m\\ be at least 9 slots por pole (see page 44), and whenever 
possible the number of slots por pole should be equal to an integer plus 
one-half. 



i’or a simplex wave winding, 99 total conductors arc required. 
With 2 conductors per slot, only 60 slots will be iiGcessary which, 
obviously, is too small a number. A simplex lap winding will thoreforo 
bo used. With 4 conductors per slot, the number of slots will be 74. 
In order to use a whole number plus onc-half slots per pole, 75 slots arc 
required, Using 4 conductors per slot, the total number of conductors 
will bo 300. The calculations were made for this value of conductors 
and it was found that the armature tooth densities wore rather high. 
It is, therefore, necessary to decrease the total flux by increasing tho 
total number of conductors. To do this, 132 slots per pole arc used, 
giving a total of SL armature slots. 


and 


AT 4 X 81 - 324 


- 


260 X 0 X 60 X IQ^ 
324 X 900 X 0 665 


= 48,300 kilo-linos, 


One turn per coil will bo used for this winding, bccaiiso with two 
turns per coil only 81 cohimutator bars would bo required, which would 
load to a high voltage between adjacent bars. For 2, 4, 6, and in some 
cases, 8 conductors per slot, tho number of turns per coil is 1. For 
larger numbers of conductors per slot, more than one turn per coil is 
generally required. 

The sides of the coils arc placed in slots I and 1<I and the back pitch, 

71 - a Fa + 1 - 4 X 13 + 1 - 63, 
and tho front pitch, 

72 - Yx - 27o = 63 - 2 « 61 


Ya - 1 . 


Tho number of commutator bars must always be equal to the 
number of coils in tho armature winding. With 4 conductors per slot 
and 1 turn per coil, tho number of commutator bars will be equal to 
102. The average voltage between commutator segments, 


“ K 


260 X 6 
162 


= 9,63 volts 


and tho maximum voltage botAvcon bars, 


G$7n = 


Ep 


X 1.30 = 


KU 

= 18.8 volts. 


260 X 6 
162X0.006 


X 1.30 


The maximum voltage per turn will be equal to the maximum voltage 
between adjacent commutator bars (formula 24, page 46). 


i he terminai current at luii loaci, 

Kw X 10^ _ 300 X 10^ 
~ Er ^ 250 


— 1200 ainporos. 


The shunt field current is taken equal to 8/1 amperes, Fig. 40, 
page 52. 

Since the peripheral speed is rather liigh for this machine, 3000 
amperes per sq. in. is assumed for the current density in the armature 
conductors, page 53. The section area of the armature conductor, 




I jj 

A„a 


1200 + S -I 
3000 X 0 


= 0 007 scj. in. 


With 4 conductors per slot Jind ono turn pnr coil, a bare copp(U‘ strap 
will bo the most sntisfactoiy armature conductoi’. A conductor 
0.125 X 0.Q25 in., section area 0.0748 sq. in., is soloctod from tbo coppoj' 
table. This conductor is chosen in proferouco to tho conduotor 0. 1 '1 1 X 
0.60 in., section area 0.0686 sep in., because tho latter giv(;s slot diiuen- 
sions which load to high armatum tootli domsities. I'lio conduotors 
are arranged in tho slot and insulated ns shown in h’ig, 47, page 49. 
The dimensions of the slot aro, 


w. = (0 125 X 2) + 0.113 - 0.363 in, 
d; = (0 625 X 2) + 0 32 = 1.67 in. 
Tho tooth pitch on the armature surface, 


<1 = 


jtD tt X 25 


S 


81 


= 0,97 in. 


The ■width of the slot should, tlioreforo, be satisfactory from tho stand- 
point of the flux pulsations in tho air gap. 

The length of the one-half mean-turn of the armature coil is calcu- 
lated as given on page 65, 


d 

sin a = — 


<1 


0 363 4- 0.10 

0 97^ 


0.478 


a = 28° 30' and cos a = 0.879 


ir(D — d,) 

^ h 21) -j- (7. -j- ^ 
p cos a ( «■« T ^ 

_ ir(25 — 1,67) 

6 X 0.8^ 


ilie resistanco oi ttte armature winding is calculated tor 76“ C. 
because the A.I.E.E. standardization rules siiocify that the copper 
tosses for all loads should be calculated for a temperature of 75° C. 

_ _ 28 07 X 324 X 0 826 

“ ~ a~s^ X IQO ~ X 0 0748 X 10“ 

= 0.00279 ohm. 

The voltage drop in the armature winding, 

I„Ra = 1208 X 0 00279 = 3 37 volts 

or 1.35 per cent of tlio full-load terminal voltage. 

The weight of the armature copper, 

Ga = UNsa X 0 321 = 28.07 X 32-1 X 0 0748 X 0 321 

= 219 lb. 

Fifty-four equalizer connections are recommended for this winding, 
one for every 3 commutator bare (see page 40). 



CHAPTER IV 


THE MAGNETIC CIRCUIT 


The flux per polo that crosses the air gap and enters the armature 
is calculated by formula 2, 

Ea X 00 X 10^ 

^ ])Nn 

A definite magnetomotive force is required on each polo, to send this 
flux through the magnetic circuit. The fundamental law giving the 
relation between flux and magnetomotive force is expressed as follows: 

0.4 X TT AT us 


The ampercrturns required to send tho flux (j) through a magnetic 
circuit of length I and section area s are, 


^ P == r”: 

0 4 X TTjUS 

Tho flux, (jt, divided by tho section area of the magnetic circuit is equal 
to the flux density, S, and the ampere-turns, 


AT - 


IB 

0.4 X TTu 


(30) 


In formula 
contimetor. 
inch, 


39, I is expressed in centimeters and B in lines per square 
When I is expressed in inches and B in linos per square 


AT = 


IB 

3.2 X/t 


(40) 


For air, tho permeability, n, is equal to 1; for iron and sleol, it is 
greater than 1 and is not coastant but depends upon tho flux density. 
The magnetic characteristics of magnetic materials can be determined 
only by test. The tests consist of determining tho magnetizing force 
required for different flux densities. For the designer, it is more con- 

60 


vcnient ii me magnetizing lorce, //, is expressed as ampere-turns per 
inch of flux path instead of in e.g.s, electromagnetic units. If at equals 
the ampere-turns per inch of flux path, then 

at - 7/ X 2 03, (41) 

where H is the magnetizing force expressed in e.g.s. electromagnetic 
units. Standard saturation curves for cast iron, cast steel, and open 
hearth sheet steel, such as used for electrical apparatus, are shown in 
the Appendix. For a magnetic circuit through iron or steel, the ampere- 
turns, 

AT - at X ly (i2) 

where at equals the ampere-turns per inch length of flux path, as found 
from the standard saturation curves, and I is the length. 

The magnetic circuit for a multi-pole machine is illustrated in Fig. 
61, which shows that the magnetic circuit per pair of poles comprises 
the yoke or field ring, the pole, the air gap, the armature teeth, and the 
armature iron below the teeth. The material is not the same for the 
different parts of the magnetic circuit; neither is the density the same. 
The ampere-turns per pole must therefore be calculated separately for 
each part of the magnetic circuit. The symbols used to calculate the 
ampere-turns per pole are as follows: 


Material 

Magnetic 

Beution 

Density 

Ainpere- 
tuin.s 
per Inch 

Length of 
Flux 
Path 

Ampeie- 
tiirns 
per Pole 

Air gap 

So 

B, 

..... 

sk 

ATj 

Teeth 

St 

B, 

ati 

It 

AT. 

Ai’matiiro yoke 

Sya 

Bf/a 

atyrt 

ly'l 

AT„„ 

Pole body ... 

8p 

Bp 

at|> 

Ip 

ATp 

Field yoke 

Syf 

■ Byf 

at^y 

hf 

AT,/ 


The total ampere-turns per polo for no load and normal voltage, 
ATP - AT, + AT + AT^a + AT„ + AT,^. (43) 


Ampere-Turns for the Air Gap.— The maximum flux density in tlio 
air gap, 



( 44 ) 


xiiL* uux m LHC air gap uistnbutps itselt over the axial length of thi^ 
armature, as shown in Fig. 52. The reluetaneo of iho ventilating cluets 
is equivalent to a reduction of the arinaturo length and the fringing 
at the ends of tlxc core is equivalent to an increase iu I, For iho pur- 
pose of the designer, it 
is generally sulficicntly 
accurate to assume that 
these two clTects neutral- 
ize each other. AVhon 
the axial length of the 
pole shoe, /i, is equal to 
the axial length of the 
annaturo, the length of 




Fia. 51. — INIngnotic (jirciiit of four-iiolo rniwshino wiLh- 
oiit commutftting polos. 


Ihii 52 . 


the air gap section, Ig, can generally bo takon cfiiial to the arinaturo 
length, and when the axial length of the polo shoe is loss than the axial 
length of the armature, 

lo - Hh + Ih 

Tlio section area of the air gap, 


Sg ^ TtBIq, 


(.If)) 


TIio ampore-turns per polo for tho iiir gap for a smooth nrniature 
without slots, 


AT, 


3.2’ 


For slotted armatures, tiro reluetaneo of the air gap is incroasccl, booauso 
of the low permeance of Iho slot space and Die high densities in tho tooth. 





la liiKon into account by inulliplymg the ainpore-turns for 
the air gaii for a smooth armature a factor, * 


k - 


ivti + 1/ S 

wliere y is taken from the curve Fig, 53. 

The ainporo-turns per pole for .slotted armatures, 

l,k 


AT„ = 


3 2 


(46) 


(47) 
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Ampere-Turns for the Armature Teeth. — When, the armature slots 
have parallel walls, the flux density in the armature teeth is lower at 
the top of the tooth than at the root of the tooth. The flux density 
at the top of the tooth. 





(48) 


The tooth pitch on the armature surface is given by formula 31, 


h 


wD 

~S 


'"Die Gicichstrommascliinc,” by Arnold and La Cour, Vol. 1, p. 134, 3rd ed., 
Juliiia Springer, Berlin; TSlectrical World, Vol. 38, p. 884, 1901, and A.I.E.E. Journal, 
Vol. 46, 1927, p. 131. 



and iho width of the tooth at tlic armature surface, 

Wiy = 

The length of the armature is generally divided into sootions by radial 
ventilating ducts, as explained on page 6, Chapter I. A sufficient 
number of ducts should generally be used, so that the length of each 
section of iron between two ventilating ducts does not exceed 3 in. 

The section area of the armature teeth at the armature surface, 

~ ndW^)Ski^ (fiO) 

whore ki is the lamination factor and is generally equal to 0,iS8 to 0.93, 
The section area of the teeth at the bottom of the slot, 


^^2 = — ndWd)Ski, 

and the flux density at the root of the teeth, 




is. 


( 51 ) 


(62) 


To avoid excessive iron losses in the teeth and to limit the magnoto- 
motivG force required to send tho flux through the tooth, the density at 
the root of the teeth should generally not exceed 160,000 lines per sq, in. 

In calculating tho amporo-turns for the armature tooth, tho faot 
that tho flux density increases and tho pormeanco of the iron in the teeth 
docroasos in passing from tho top to the bottom of tho tooth must bo 
taken into account. Various methods have boon proposed to determine 
the ampere-turns required to send tlio flux through tho armature teeth. 
Tho method which uses for tho average amporc-turns per inch, tho 
amporo-turns corresponding to a tooth density ^ slot depth from tho 
minimum tooth width has boon found to bo very Hutisfactory, The 
widtli of tho armature tooth at a point I slot depth from tho minimum 
tooth width, 


ir(D - 1.33r/,) 

^ ^ ^ 


(63) 


Tho density and section area of the armature teeth for this point are 
calculated in tho same way as explained above for tho density and 
section at tho armature surface. From tho standard saturation curves 
in the Appendix, the amporo-turns per inch for this density aro obtained, 
and tho amporo-turns per polo for tlio teeth, 


ATi ^ atf/f, 


(64) 



wwoui* xo equal tu l/llO 

slot depth. 

Ampere-Turns for the Armature Yoke. — It is apparent from Fig. 61 
that each section of the armature iron below the slots carries one-half 
of tho flux per pole. The flux per polo, 


0 = 


<f>ifa 

P 


and tho flux density in tho armature yoke, 


(S5) 

^ya 

If dga is tAVO times the radial depth of the armature iron below the slots, 
then 

Sya = (I — Vdm)dyjct, (66) 


where d„a ~ (D — 2d,) — D,. Tho flux density in the armature yoke 
is first assumed and 


dya 


^ 

(1 - mW^klBya 


(57) 






The ampere-turns per inch for tho value of Bya are found from the 
standard saturation curve for the material used for the armature 
laminations. The ampere-turns per polo required to send tho flux 
through tho armature iron below the slots, 

ATya ^ at^af^a* (5S) 


The length of tho flux path, i„a, may bo taken equal to one-half the 
pole pitch on the mean circumference of tho armature yoke: 


I 


ya ” 


[D - (2d. -h 

2p 


(59) 


When commutating poles are used, tho flux in tho armature iron 
below tho slots is increased in one part and doci’eased in the other, 
because of the presence of the commutating-polo flux. The effect of 
the commutating-pole flux upon the ampere-turns per pole for the 
armature yoke may be calculated as explained by Dr. Arnold.® 

«“DiB Gleiclwtrommasclune,” Vol. 1, p. 432, Juliiia Springer, Berlin; see also 
‘ ' Design of Auxiliary Poles,” by A. Brunt, Electrical Review and Western Electrician, 
p. 613, Sept. 9. 1911. 



iiie saturation curve tor tlio commutating-poic uiagnoiu? circuii- 
should be a straight line, so that the coiniiiututiiig-polo flux will iiuu'tviW’ 
directly'' with the armature current. To acconiplisli tiiis, (Jie flux 
densities in the an nature yoke must be chosen well below the lawi' 
of the saturation curve. For normal designs, tlie flux ckmsitic’S in tlii^ 
armature core will be so low that the correction for the main pok^ {inip{irt‘" 
turns for the armature yoke, because of the presence of the coniimifaliiig- 
pole flux, will not bo necessary. 

For conimuiating-pole direch-cuiTont motors and general oi'S, tlie 
flux density in the armature .yoke is therefore generally chosen (Ujiml to 
from 85,000 to 75,000 lines per sc(. in. 

Ampere-Turns for the Pole. — The flux in the j)oles is not con, slant 
for all sections, but varies, being greatest near the ^mke and (lecri'aniiig 
toward the polo shoo. Figure 51 shows that the magnetic flux p(n’ 
polo is made up of two parts, one which crosses the air gap and (mt<'r,s 
the armature, and tlie other, 0a which does not cross the air gap but 
passes between poles and is called the leakage flux. The ratio of 
0 + 01 to 0 is called the leakage factor. 


^ 0 + 0 / _ . , ^ 


(()()) 


To calculaio the flux density in the polo, it may bo assumed, witlioul- 
appreciable error, that the flux in the polo is uniform and equal to 0X. 
The flux density in the polo, 


B =-^ 

sp- 

Tho section area of the polo, 

((il) 

Sp = htOp, 

(«2) 


The flux density, fip, should generally not exceed J00,()()0 Hik'h per h(|. in. 
for laminated polos and 80,000 lines per S(i. in, for cast steel poles. 
From the saturation curve for tlie kind of material used for tlie pole, 
the ampere-turns per inch length of flux path corrospoiuling to the pole 
density are found, and 

ATp = ay,,, (08) 

The length of the flux path in the pole is taken equal to tlie radial height 
of the polo (Fig. 51). 

Ajnpere-Turns for the Field Yoke.— Tho flux carried by oacli section 
of the yoke is equal to ^0X, as Fig. 51 shows. The density in the yoke, 

0X 



Sj// - hdjif. 


(65) 


For iriachinos with boaringf? supported by end-brackets, the yoke should 
generally extend over the field winding, as shown in Figs. 16 and 18. 
For machines with podcstal-lj'^pc bearings, the field windings often 
extend beyond the yoke, as shown in Fig, 1. The thickness of the yoke, 
dyff must be large enough to give the frame the required mechanical 
strength, and to give a yoke section such that the ampere-turns required 
to send the flux through tlic yoke will not bo too large. The flux don.siiy, 
rather than the inochanical strength, is generally the determining factor 
in the choice of the thicknc.ss of the field yoke. The thickness of tlie 
yoke. 


rl := 

hBu/ 


Tlie yoke must carry the flux of the commutating pole as well as the 
flux of the main polos. The 
effect of the presence of the 
commutating-polo flux in the 
field .yoke, may bo calculated in 
the same way as for the ar- 
mature iron below the slots. 

For normal designs, the (lux 
density in the yoke is generally 
so low that this corrcciiou i.s 
not necessary. For a cast sioel 
yoke, Bu) should not exceed Fio. 6 k— Field leakage flux pallis. 
65,000 lines per sq. in. and for 

a rolled sioel yoke, By; should not exceed 80,000 linos per sq. in. 

The Field Leakage Factor .—The leakage flux may bo divided into 
four parts, as sliown in Fig, 5L The leakage flux for each of tlio four 
paths is as follows: 

(1)1^ tlio leakage between inner polo shoo surfaces, 

0^3 the lealcage between the pole slice end surfaces, 

</j/3 the leakage between inner polo body surfaces, 
the leakage between polo body end surfaces. 



The leakage flux per polo, 



(t>l = (t>Ji + 0/3 + 0/, + 0J4. 




IT V/UV/1.11W UJ. V TJ-*.* V/i Ui*'-' AVf(**V{4J^V^ ^^lAlUAllO 

and the reluctance of each path arc known, the leakage flux can bo 
calculated as follows: 

^ m.m.f. 

Kcluctanco* 

The m.m.f, acting across paths 1 and 2 = 2 (AT^; + ATf + ATyc) = 2X 

Since the greatest part of tho leakage flux passes through air, the reluc- 
tance of the part in tho iron may be neglectech Assuming that tho 
sides of adjacent poles arc parallel, the leakage may be calculated as 
follows: ^ 

Tlio leakage flux per polo for path 1, 

==2X3.2 X2X^ 
cti 


= 13 X 


hju 

di 


The loakngo flut por pole for path 2, 


= 4 X 3.2 X 2X 


J ^B/2 

l '' 


h,clx__ 
di + irX 


= 25.0 X — logo 

TT 

= i9X/iologio(L+^) 

The m.m.f. across paths 3 and 4 is zero at the 3^oko and equal to 2A^ at 
tho polo shoo, and the average value is equal to X Tho leakage flux 
per polo for path 3, 

da 

^^^Elootrioal Mflohino Design, by Gray, p. 61, MoGraw-IIill Book Co,, Now 
York. 



i iiG loaicagc riux por poio tor patn 




= 4 X 3.2X 


I 


h,th 

(I3 + irx 


= 4 X 3.2X-!^ logo 

TT 

0 + , , <h 



Tho loalcago factor obtained by those formulas is usually too low for 
2-, 4-, and 6-polo machines, because no attempt is made to calculate 
tho flux Uiat passes from tho polo body side and cud surfaces directly 
to tho yoke. For 2-, 4-, and 6-polo machines, llio leakage factor is 
generally assumed. For preliminary calculations, tho following values 
may bo used: 

4- and G-polo maoliines « 1.20 

Multipolar machines 20 to fiO in, in diameter - 1.20 
Multipolar machines larger than GO in. 111 diainotor = 1,18 


The ampere-turns por pole for the field winding must bo equal to or 
gi’oator than tho armature ampere-turns per pole (see page 79, Chapter 
V). Tho armature ampere-turns per polo, 


ATP 


a “ 


M 

2pa* 


If tho ampeie-turns per polo for tho field winding, 


ATP - AT, + AT, + AT,a + AT^ + AT,/, 


are loss than tho armaturo amporo-turns por polo, tho air gap length 
must be increased. 

The Open-Circuit Saturation Curve. — Tho opcn-circuit saturation 
curve gives the relation botweon the terminal voltage at no-load and the 
corresponding ampere-turns per polo. Tho method of oaloulating tho 
amporcituvns for a given voltage has boon given above. For the air 
gap, tho permeability is constant for all values of induction. Tho air 
gap amporo-turns will therefore vary directly with the voltage. For 
the remainder of tho magnetic circuit, tho flux densities must bo cal- 



ciuaLeci Dy ciirccL proportion lor mu vuiious vuilu^ub. xno uunuapunu- 
ing ampere-turns per inch arc taken from the standard saturation 
curve and multiplied by the length of the respective flux paths to obtain 
the ampere-turns per pole. Table V shows the calculations for the 
sample design. 

TABLE V 



Length 

230 ^^DUs 

200 Volta 

285 Volta 

320 Volta 


n 

at 

AT 

B 

at 

AT 

U 

at 

AT 

B 

at 

AT 

Air gap . 

ArnuUuro tpotli 

0 242 
1 57 

io 0 
111 0 

lOO 

3750 

208 

60 0 
125 0 

625 

4240 

826 

61 4 
137 0 

<>65 

4060 

1600 

09 0 
161 0 

1706 

5,210 

2,080 

Arinaturo yoke 

4 70 

66 4 

7 

33 

75 0 

10 

47 

82.2 

13 8 

06 

02 3 

26 6 

120 

Pole 

8.28 

84 4 

14 

no 

1)5 4 

35 

200 

104 5 

78 5 

650 

117 2 

270 

2,240 

Field yoke . . . 

11 80 

56 0 

14 

105 

04 2 

17 

200 

70 4 

20 

236 

79 0 

28 

330 

Total 




1362 



5002 



7101 



10,680 


The open circuit saturation curve plotted from those values is shown 
in Fig. 56. 

Sample Design: Magnetic CircuiL — The section area of the air gap, 
Sy = irDlff = TT X 25 X 11 - 8C4 sq. in. 


! 

I 


The axial length of the pole shoo will be made equal in length to the 
armature. 

The air gap density, 


Bu 




48300 

864 


= 66 kilo-lines. 


The air gap coefficient, 

k ^ ffiOT 

w,, + (?/5) “ 0.607 -t- (1 .49 X 0. 17) 

= 1.13, 

and the air gap ampere-turns per polo, 

B,&k 66000 X 0,17 X 1.13 
” 3,2 ~ 3 2 

= 3360. 


me armature tootn pitcn at tiie root ot tiic armature teeth, 

, r(/) - M.) ,(2S - 2 X 1 57) 

fe ^ 0 847 m. 

The minimum tooth width, 

Wi^ - fe - iVs = 0.847 - 0.363 - 0.484. 

The length of the armature core must bo divided into a number of 
sections by radial ventilating ducts. Each section of iron should not 



Fig. 66, — Open-circuit saturation curve, 300-kw., 260- volt, 900-r,p,m., d.c. generator. 

exceed 3 in. in length. For an armature core length of 11 in., 3 venti- 
lating ducts are required and each duct will be f in, wide. The mini- 
mum section of the armature teeth, 

\ ^ ndWd)kiS 

- 0.484 (11 - 3 X1)0.92X81 

— 356 sq» in., 


ana me maximum tootii acnsuy, 





48,300 

350 


— 130 kilo-linos. 


This value must not exceed 150 kilo-lines and should proforabb^ l)e loss 
than 140 kilo-lines. 

The tooth width at a point J slot depth from the root of the tooth, 

t(D - 1 33d.) ^(25 - 1.33 X 1.57) 

- — — {).3{}3 

== 0.525 

and the section area of the armature teeth at this point, 

5/3 - 0.625(11 3 X 1)0.92 X 81 

= 386 sq. in. 

The density, 

n,, = = 126 kilo-lines. 

386 


For this design, 0 014 in. open-hearth olcciric shoot steel will bo 
used. From the standard saturation curve for this material, the 
ampere-turns per inch for the density, ~ 125 kilo-linos, are found 
to be 525. Tlie ampere-turns per polo for the armature tooth, 

AT/ = nith - 525 X 1.57 - 825. 

The flux per pole, 

48,300 X 0.665 

^ p c 

= 5360 kilo-lines. 


J?or a commutating-pole machine and a frequency of 45 cycles 
per see,, the armaturo yoke density should bo approximately 75 kilo- 
lincs per sq. in. The depth of tho armatui-o yoke, 

^ ^ 5350 

“ (J - naWi)kiBy^ " (11 - 3 X 1)0.92 X 75 

== 7.86 in. 

Tho insido diameter of tho armature, 

Di = D- 2d. - i)„a = 25 - 2 X 1.57 - 7.86 
= 14.0 in. 


1110 armature yom aensiiiy is tnercioro (o luio-imes per sq. in., aim 
the ampore-turns per inch from the standard saturation curve for open- 
hearth steel, atj/rt - tO. 

Tlic length of the flux path in the armature yoke, 

lya - W - (2d. + idya)U ^ [25 - (2 X 1.57 +1X 7 86)l7r 
2p 2X6 

= 4.7 in. 


The ampere-turns per pole for the armature yoke, 

ATy, = = 10 X 4.7 - 47. 

The correction for the commutating-polo flux in the armature yoke, 
if necessary, must bo made after the commutating polo is designed 
(Chapter V). 

The field polos for this generator will be built up of sheet stool 
laminations, punohod from open-hearth shoots approximately 0,023 in. 
thick. A flux density of 95 kilo-lines per sq. in. is selected for the 
pole body. For machines with half as many commutating poles as 
main polos, slightly lower pole densities should bo used because the 
commutating-polo flux returns through tho main poles. The leakage 
flux is assumed to bo 20 per cent of tho useful flux per polo, and tho 
axial long til of tho polo is made equal to tho armature length, that is, 

h — 11 in. 


Tho section area of the pole body, 

^ _ ^0 X 1.20 

Bp 

Tlio width of tho polo bod 3 q 
.9;, 67.6 


95 


07.6 sq. in. 


= li 


= 6,15; use 6J in., 


and Bp — 95.4 kilo-linos. 

From tho standard saturation curvo in tho Appendix for field polo 
stool, the am pore- turns per inch are found to bo 35. 

Tho length of the flux path in tho polo is equal to Zp, Fig. 51. The 
space rcciuirod by tho shunt field winding will determine tho radial 
length of the polo. It can be most satisfactorily determined from tho 
design data of proviousl 3 >^ constructed machinos. When such data are 
not available, Ip can gonorally be taken as about 28 to 35 per cent of 
tho armature diameter for diameters from 60 to 25 in. and about 35 



LU UU [JUi LfCilU U1 UllU £LlHicl/UUlt/ 1^14:1.14.1^ o ii^>3>3 uiiivu 

Choosing 33 per cent of the armature diameter, 

ip - 0 33 X 25 - 8.25 im 

The inside diameter of the field yoke, 

i)p, = Z) + 25 + 2ip = 25 + 2 X 0.17 + 2 X 8.25 
- 41.84; use 42 in. 

Then, 

Zp = 8 33 in. 


The ampere-turns per pole for the field pole, 
ATp - atp/p == 35. X 8.33 ^ 292. 


The field yoke will be cast steel and the density 65 kilo-linos per sq. in. 
The section area, 


Sy/ 


By! 


5350 X 1 20 
65 


= 98 7 sq. in. 


This is the section area of the field yoke on both sides of tlio 
diameter. 

The generator is to be part of a motor-generator sot, and the bearings 
are to be mounted in pedestals bolted to tho base. The extension of 
tlie yoke beyond the edge of the pole will be 2.5 in., and tho axial lougtli 
of the field yoke will be 16 in. 

Two times the depth or thickness of the rectangular yoke section, 

dyf y = —y = 6.17; use 6.25 in. 
fe 16 


The flux density in the field yoke, 

„ <f>\ 5350 X 1 20 

Byf~ — = - =64.2 kilo-lmes. 

Syf 6.25 X 16 

The outside diameter, 

Dyy = Dyi -|- dyf = 42 -|- 6.25 = 48.25 in. 

Tlie length of the flux path is taken on the mean diameter, 

(By, + hdyf)Tr (42 -f- ^ X 6,26)7r 


lyf - 


11 80 in. 


2p 2X6 

The ampere-turns per inch of flux path taken from tho standar, 


otiuuitluiL/ii v^ui vtj lui L.a»ii tituui tuu, illy/ = 1/, aiict tno ainpero-turns por 
polo for tlui fiolcl yoke, 

AT^y = ii4/Zw = 17 X 11.80 = 200 

The total ainporc-turns por polo for the full-load induced voltage, 

ATP = AT„ -H AT, + AT„„ -1- AT„ -|- AT,^ 

= 3360 + 825 + 47 + 292 -|- 200 
= 4724, 


The armature nmporc-Lurns per pole, 


- _ 1208 4 X 324 

2pa 2X0X6 
= 5440. 


The amporo-lurns per polo for the field winding arc loss than the 
armature ampere-turns per imlc, which indicates that the assumed air 
gap length is too small. The length of the air gap is therefore increased 
to 0.22 in. The air gap coofliciont, 

h ^ 0J)7 

’~^Wa-h(//5) 0.607 -1- (1.25 X 0.22) 

= 1.10, 

and the air gap ampere-turns, 

B„5k 56,000 X 0.22 X 1.10 

Al„ = = — 

O ■ A O , /t 

« 4240. 


The amporo-turns per pole for the field winding will now be, 
ATP = 5604, 


and 


A^rP __ 5604 
ATP„ "" 5440 


= 1 03 


which is satisfactory. 

The calculations for the open circuit saturation curve are shown in 
Table V, and the curve plotted from these values is shown in Fig. 65. 



CHAPTER V 


ARMATURE REACTION AND FIELD WINDING DESIGN 


Armature Demagnetizing Ampere-Turns. — ^Figure 56 shows a four- 
polo generator with the brushes shifted from the no-load neutral, a 
distance 5./2 inches of armature circumference. The armature demag- 
netizing ampere-turns per polo, 

ATP„ = ^hsQ. (67) 


The ampere conductors per inch of armature oivcuinfcrence. 


and 





2/3irD 
360p ' 


where the angle j3 is expressed in electrical degrees. Making the sub- 
stitutions, the demagnetizing ampere-turns per polo. 


ATPtf 


20irDI„N 

360pavD 


180 2pa 


The armature ampere-turns per pole. 


ATP« 


M 

2ap 


(GS) 


and the armature demagnetizing ampere-turns per pole. 


ATPrf 


180 


ATP, 


(09) 


To obtain satisfactoiy commutation in macliinos without commutating 
poles, tho brushes arc shifted from the no-load neutral, so that the coil 
sides short-circuited by tho brushes will lie in a field strength, at no-load, 

70 



uquai Lo irom ui^uu lo id^UUU Imos per sq. m. The angle corresponding 
to this brush displacement is generally approximately 18 electrical 
degrees. 

When the machine has commutating poles, the commutating pole 
produces the commutating field, and the 
brushes remain in the no-load neutral posi- 
tion for all loads. J^or conimutating’-pole 
machines the angle of brush displacement 
is iioro and therefore also the arinatiiro dc*- 
magneti/ang ampere-turns. 

Armature Cross-Magnetizing Ampere- 
Turns, — All of the armature conductors lying 
outside of the double angle of brush dis- 
placement, 2^8, Fig. 5G, sot up the armature 
cross-magnetizing field. The flux produced 
by the conductors that do not Ho under the 
pole shoo has its patli so largely in air that it 
may be iiogloctod. Tlio armature ampore-turns per polo that produce 
the eross-magiicLizing field, 



Fig. fiO. — Do mag no tiding 
mul eroas-magaclizing am- 
poi'c-CurnB of a four-poIo 
gonorator. 


ATP„ - 


hN 


airD 
= ;,tATi\ 




irD I„N 


V 


a-ffD 


(70) 


When tho magnolio circuit bocomos saluralocl, tlio roluotanco of tlio 
path of tlio jnain pole flux is incronsccl, becauso of tho distortion of tho 
nil’ gap flux by tho armature cross-magnotizing ainporc-turns. In 
conscquonco, tho ampoi’c-turns of tho field winding must bo increased 
if tho useful flux in the armatum is to remain constant. 

Tho method of determining tho anipcrc-turns per polo required to 
compensate for tho demagnetizing effect of the armature croas-mag- 
nctizing ampere-turns is given by Br. Arnold and La Cour.^ Figure, 
T)? shows tlio open-circuit saturation curve for a generator. OE is tho 
full-load induced voltage (terminal voltage plus the voltage drop in tho 
armature, series and commutating field windings and brush contacts) 
and OF is tho corresponding number of ampere-turns per pole. 

Tho m.m.f. across tho leading polo tip of a generator is decreased 
by tho armature cross-magnetizing ainpei’o-turns per polo, 

ATP, =/<,ATP,. 

and, as a result, tho flux density in tho air gap and tho voltage induced 
i“Dio Gloiohstrommaschmo,’’ Vol. 1, 3rd cd., p. 182, Julius Springer, Berlin 




in tho conductors under this pole tip arc also decreased, ilie num.i:. 
across the trailing pole tip of a generator is increased by the armature 
cross-magnetizing ainpcre-tiirns per pole; as a result, tJie llux density 
in the air gap and the voltage induced in the conductors iiiukn* this 
pole tip arc also increased. The armcature cross-magindizing field will 
have no effect upon the terminal voltage of the machine when iJio 
increase in voltage at the trailing polo tip is equal to tho docnuuscj in 
voltage at the loading polo tip or when tho area of the trianghi cd(r 


IS equal to the area of the triangle 



Fia. 57. 

ampere-turns that must be added 
compensate for the demagnetizing 
izing ampere-turns, 


Tig. 57. When the arcMi of 
triangle cdG is equal to tla^ area 
of triangle abG^ tlic line ///will b(^ 
shorter than lino cf/, becausi^ LIk^ 
open-circuit saturation curve 
drops off more rapidly abovcj tlui 
lino he ^tlmn below it. Witli a 
pair of dividers sot equal to 
he - 2/rfATP„, tho line he may 
bo laid off, so that tho area of tlie 
triangle ahG is equal to the area 
of the triangle dcG, The bisector 
of tho lino 5c, gives th(^ 

voltage that must l)o induced in 
tho armature winding at fulUoad 
when the brushes arc in the no- 
load neutral, to obtain constant 
terminal voltage, and is tho 
corresponding number of ampere- 
turns per pole. The number of 
tho main field ampere-turns, to 
3ct of the armature cross-inagnct- 


- or - OF, Fig. 67. 

The areas of the triangles, Fig. 57, can easily bo found with a pla- 
nimeter. 

The path of tho armature cross-magnotining hold coniprisos tho 
armature core, the teeth and air gap under tlio pole tips, and (,ho polo 
shoe. The saturation curve for this magnetic circuit can bo found by 
calculating the ampere-turns required to send tho flux through tho 
teeth and air gap, the ampere-turns required to send tho flux tlirough 
the armature core and polo being so small that they may be nogloctod. 
This saturation curve, of the armature cross-magnetizing field, should 




uouLi bu uubuiuliiic tne ciemagnetizing eilect of the armature cross- 
magnetizing field. When the open-circuit saturation curve is used, 
as in Fig. 57, the results will bo slightlj^’ large. Tlie error is quite small, 
however, and for practical purposes it is more convenient to use the 
open-circuit saturation curve. 

The extent that the no-load field form is distorted the armature 
field varies widely for different designs. The distortion will, obviously, 
be greater when the armature ampere-turns per pole are high in pro- 
portion to the shunt field ampere-turns per polo. Tlie distorting effect 
of the armature field may be reduced by increasing the reluctance of 
the armature cross-magnetizing field. This can be done by using well 
beveled pole shoes with large air gaps under the pole tips, by using higli 
flux donsitics in the armature teeth, or by building up the polo as shown 
in Fig. 58. With properly designed compensating windings in the polo 
faces, the armature cross-magnetizing field may be completely neutral- 
ized. When the latter is the case, the air 
gap flux distribution curve for the machine 
will have the same shape for full-load as for 
no-load. In order that the leading polo tip 
for a generator, the trailing pole tip for a 
motor, shall not become completely demag- 
netized, the ampere-turns per pole of the field Fia. 58. 

winding for full-load generated voltage, OF, 

Fig. 57, must bo greater than fd ATP^. The ratio of the ampere- 
turns per pole of the main field to the armature ampere-turns per pole 
is usually as follows: 

ATP 

— .1.0 to 1.25. (71) 

Since the air gap ampere-turns per pole are generally from 65 to S5 per 
cent of the total ampere-turns per pole, it follows that 

AT, 




ATP„ 


= 0.65 to 1.0. 


(72) 


The air gap ampere-turns per pole formula 47, 

AT 

" 3.2 

« 0.313J5g67i:. 

Substituting into formula 72, tho length of the air gap, 

_ (0 65 to 1 0) ATP« 

^ ' 0.313Bgfc 


( 73 ) 



Shunt and Series Field Ampere-Turns. — Figure .59 shows the 
opon-circuit satuivatioii curve of a generator. OA ai’o the ampere- 
turns per polo corresponding to the no-ioaci terminal voltage, OAh, and 
OB arc the ampere-turns per pole corresponding to tlie fulUoad gen- 
erated voltage, OE, To tliesc ainporc-turns must he added tlic ampere- 
turns per polo required to compensate for the demagnetizing eiTect of 
the armature cross-magnetizing field and tlie armature clomagmitizing 
ampere-turns per polo when the brushes aro shifted from the no-load 

neutral. Thi) total ampere-turns ])er 
pole on the field winding aro then equal 
to OD (Fig. 59). 

For a flat-compounded generator, 
the voltage across the sliunt field 
winding is practically cons taut from 
no-load to full-load, and the shunt 
field ampere-turns per polo aro the 
aiiipcrc-Lurns corresponding to no-load 
terminal voltage, OA, Fig. 59. The 
series li 9 ld ampcni-tiirns per polo aro 
then cciual to tho total ampere-turns 
per polo minus the sliunt field amporo- 
^ A B C D turns per pole ^ OD — OA, Fig. 59. 

Ampere *Turns%r Pole over-compounded generator, 

Fig. 50.— Total field ampere-iurna voltage ^ across tho shunt field 
per pole. winding is higher at full-load than at 

no-load, lloferring to Fig. 59, tho 
shunt field ampero-iurnR per pole for an over-compounded generator 
aro (assuming the long shunt connection) 



ATP/ 


F.L. terminal voltage 
N.L, terminal voltage 


(74) 


Tho series field ampero-turns per polo arc equal to the diffnronco between 
the total amporc-turns per polo and tho shunt field ampero-turns per 
polo. Since tho effect of tho armature cross-magnetizing field cannot 
bo accurately predetermined, it is usual to increase tlie series field 
ampero-turns per pole, doierminod as given above, approximately 
20 per cent. The desired degree of compounding can then bo obtained 
by tho U.SO of a series field shunt. 

For a shunt- wound motor tho generated voltage in the armature 
winding, E, is equal to tlie terminal voltage minus tho volt.age drop in 
the armature winding, commutating field winding, and brush contacts. 
Tlie shunt field ampere-turns per polo are equal to tho ampero-turns 
corresponding to full-load gonorated voltage. 











Design of Field Winding; Shunt Field Winding , — For tho shunt 
field windings, singlc-eotton-covorod, double-cotton- covered, enameled, 
and single-cot ton- 
covered cimmclod wires 
[\vo used. Asbostos- 
eoverod wire is used 
when high operating 
tompom Lures are re- 
quired. The section 
area of tho wire used is 
either round, square, or rect- 
angular. Cotton-covered 
wires are somotiincs treated 
with an insulating compound, 
by passing the wire through 
an insulating bath during 
winding. More often, tho 
coils are wound with tlio dry 
cotton - covered conductor. 

TIic completely wound coils 
are then dried and dipped 
into a batli of insulating 
varnish or treated with an 
asplmltum compound by the 
vacuum process.^ Impreg- 
nating tho coils with asphal- 
tum compound by tho 
vacuum process is more ex- 
pensive than tho vartiish 
treatment, but the asphaliiiin 
compound fills tho spaces be- 
tween wires better than in- 
sulating varnish and gives 
better heat dissipation. Tho 
coils are usually wound on 
a form and completely in- 
sulated before being placed on tho polo, 

A method often used for insulating the sliunt field winding from the 
polo for voltages up to and including 600 volts is shown in Fig. 60. 
The insulation between the polo body and shunt field coil is usually 



Fig. go. — M ain polo and windings, 
300-kw., 250- volt, OOO-r.p.m, gon(»rator. 


2 See Insulation and Design of Elcotrioal Windings,” by A. P. M. Fleming 
and li. Jolmson, p. 08, Longmans, Green & Co., London; also Electrical Journal, 
Vol, 22, Feb., 1925, p. 96. 



built up of pressboarcl or fullor board and is hold in place by a wrapper 
of unbleached muslin. Figure CO shows a ventilating duct at each on cl 
of the polo. This ventilating duct is not provided on all machines, 
because for some fc 3 "pos of construction this duct will bo practically 
closed at the yoke end of the pole. Ventilating ducts between tho insido 

of tho shunt field winding and tho ends 
of the polo are most effective when 
‘ . the 3 '’okc length is small. These venii- 

I j luting duels are usually from in. to 

j I . 5 in. AVlicn lioavy shunt field windings 
J arc required for large genoraioivs, a ven- 
tilated coil, as shown in Fig. Ci, may 
Fin. Gl.^^-'Vcntilatod fu;ld-coil. bo used. 

The longUi of tho inoan-iurn of tho 
shunt field coil can bo calculatod as follows (see ITg. 00) : 

i/ — 2ii + 2{W]y “ 2wa) + "b 2(u’d -b inr)] i^‘ (75) 

Tlio resistance of the shunt field winding, 


//^ . 
I 

I 

i,i 


and 


R/ 


s/lO® 


ohms, 


. ^ t 

V ^ TT amperes. 

K/ 

The ampere-turns per pole on tho shunt field winding, 


i/t/ 


Btsj X 30Q 

Lfpr 


(70) 

(77) 


(78) 


This equation sliows that tho nuinbor of ainporo-turns por pole on tho 
sluint field winding are independent of tho number of turns per polo, 
but vary directly with the cross-section of the conductor. 

For gcncratore, tho shunt field winding is gonorally designed for a 
voltage from 20 to 30 por cent less than tho terminal voltage of tho 
machine. Voltage regulation can then bo obtained by moans of a 
field rheostat. Tho section area of tho shunt fiold conductor, 

ATPy/v/p X 0.826 
~ F?<(0 . 70 to 0 . 80) X 10“ 


The size of wive having this section area is found from tho copper table. 
When tho calculated conductor section ]ic.s half way bo tween two stand- 
ard conductors, half of tho shunt field winding may bo wound with tho 



^wiu niu uincr iiair wiLii tUc jioxt smaller coiiclucior. 
When two sizes of wire arc used, 


5/ 


■Vi^/i + 
ifi + ^/* 


sq. in. 


(80) 


The current in tlio shunt field Avinding, 

if = 8fA/ amperes. (81 


Since the losses in the »shiint field Avinding arc genornlly small ^ 
especially for large machines, the current donsit)'' is generally chosen 
as high as the toinporatiiro rise Avill pcrinit. The curront density for 
the shunt field Avindings, 

A/ = 900 io IfiOO amperes per sq. in. 


'^L’hc number of turns ]:)cr polo, 




ATP/ 

U 


(82) 


The coiToct value of the curront density in the sluint field copper is 
doLennined from the Lomporature rise of the shunt Hold Avinding. A 
high tomperal/Ure vise indicates loo higli a ciu’ronl donsit^y, AAdioroas a 
low tomperaturo rise indicah^s too loAv a current donsit3'^ and an uneco- 
nomical use of shunt field copper. The luetliod of predetermining the 
tomporaturo rise of tho'shunt field winding is given in Chapter VII. 

An approximate chock of the tninporaiuro rise of the shunt field 
Avinding can be obtained from the cooling surface per Avatt loss. For 
liigh-s] 30 (^d, wolhvontilalod jnachincs, with depth of field coil not over 
approximateb'' 0.75 in., the cooling surface per Avatl loss slioiild 
greater than 2, if tlio temperature rise is not to exceed 50® C, l<'or 
slow-specd nmchinos, Avith depth of field coil not over about 1.50 in,, 
the cooling surface per Avatt los.s should goiierall}^ be about 4, if tlio 
tomperaturo rise is not io exceed 50® Cl Tlio cooling siU'face p(U’ coil is 
taken equal to the perimeter of the coil section times the mean-turn. 
The total cooling surface for the shunt field Avinding is, 

= 2(d/ + h)TjfV sq. in., 


and the surface per Avatt loss, 

_ 2(d/ + h/)L/p 
Wf ” ’ 

The bare woiglit of the shunt field coppor, 

G/ ^ T-jft/ps/ X 9 * 821 lb. 


( 83 ) 


-IllL! inSlllflLCQ WClgllL tfCJJJdlUlh Itpuil UKJ 1V|[JU wi i Jiniiun iwj . v-. ^ 

The copper tables give the insulated weights for wires ^vitli shindard 
insulation. 

Series Field Winding , — The series field winding is g(‘nenilly wound 
with rectangular, doiible-coUon-covered wii'o when th(i C{>n<IiH!(or 
section is 0.102 sq. in. or less. I'or larger conductor sfuitions, bare 
strap copper is generally used, witli tiu' turns insulai<al Iroin one 
another by paper about 0.010 in. thick or hy air spaci's. .s{‘ri(\s 

fudd wiinling is orifui pliuu'd 
on the outside ol' (he slmnt 
field winding. Whcui barn 
strap is tiscul, it is woiunl 
on edge, and tin* s('pnni,(.o 
turns are insulnled from 
one HiiotlHU’ i)y air spM(^(\s, 
A coinpl(d(dy insulnic’d Held 
coil, showing this undhod 
of winding llui senVs liidd, 
is shown in Idg. 02. A 
shunt (i(dd coil with s<|tniro 
wire series (ield coil wound 
on (/ho oidcsidii, is sliown in 
Idg. (hb 

The series /i(dd current, 
Isf is e(]ual to f/he bniiiinnl 
current plus tlni Hliiint Oeltl 
current when tlu^ long shunt 
conno(5(;ion is used and is 
e([uul to the bu'ininal ciir-* 
rent when th(j sliort Hhiiiit 
connection is used* The niunbor of turns per polo on the H(n‘ii‘s fi(d<l 
winding, 




Fiq. 62. — Compicto field witli ribhoa caj^per 
series field winding outside of shunt licld oail. 


is - 


ATP, 
Is ‘ 


(HI) 


Tlie section area of the series field conductor, 

I. * 

Ss — ”r sq. in. 

A, 


(Sfi) 


The ciuTGiit density in the senes field copper cannot ulwiiys bo 
chosen as high as the tcmpomfciu'o riso will pormil, bnciuwo Uio odicioiicy 


f 




As = 900 to 1800 ampores por sq, in., 
and for sorios motors for intormittont clut}”, 

As “ 1200 to 2000 amiDorcs per sq. in. 

The moan -turn of the series field coil can be determined from a 



Fra, 03, — Comploio liold coil wiUi wire wouml hCi’ics coil outside of shunt coil. 


sketch of tho coil by a method similar to Llio one used for the shunL field 
coil. Tho resistance of tho series field winding, 


lis - 


LsUyr 
Ss X 10« 


ohms. 


The bare weight of tho series field copper, 


(8(5) 


(?, = /vA?JS,X 0,321 lb. (87) 

Commiitaihig Field Winding , — Tho commutating field winding is 
connected in sru’ies with the armature, and the total armature current 
flows through tho commutating field winding. As for tho series field 
winding, rectangular, double-cotton-covorcd wire is generally used 
when tho conductor section is equal to 0.102 sq. in. or loss, For larger 
conductor sections, bare strap coppor wound on edge is generally used. 
Tho turns are then insulated from one another by paper about 0.010 in. 
thick, cotton tape on tho conductors, or by air spaces. The insulation 
botwoon tho winding and tho polo bodj'* is goncralb^ about ^ in. thick 





mutating field coil of baro ribl)on copper i« shown in Kig. ()(. 

Tlio number of turns per pole for the coininutating fi<^l(l winding, 



The section area of tlic conductor, 


la . 

Si - ~ sq. in. 


(SS) 


(SO) 



Pia. 04 — Bare ribbon eoppor coinmiiljiting field (!oil 


The ciiiTont density in the commutating field coi)p(n’, 

Ai - 800 to IfiOO amperes per hi\, in. 


The length of the moan-turn of the coniinutating field coil can 
easily be found from a sketch of the coil. The resiHlanco of tlie com- 
mutating field winding, 


h\ 


.S7 X 10" 


ohms. 


( 00 ) 


The bare weight of i,ho commutaihig field copper, 

0, - Ltitpst X 0,821 lb. (91) 


Design of the Shunt Field Rheostat,— For full-load and normal 



\vu\nc iiri IS UK? bjiuuu iii'ia iJiuuhuiL josisumico lor ruu-ioaci anci nonnal 
terminal voltage. For no-load and normal terminal voltage, 

Jif + l^ro == ^ ohms 
1/0 

JRro — Rf ohms. 

I/O 

To allow for variations in speed and to permit a reduction in voltage 
below normal, 

Rf - L 25 to 2.0^^ “ R^j ohms. (92) 



Fio. 05. — ConsfriicUon of ficUl (uroiiit rosistanco curvo. 


The resistance steps for the rheostat can l)o dctorminccl by the fol- 
lowing graphical method:® Curve A, Fig, 65, is the open -circuit 
saturation curvo for a generator, with terminal voltage plotted in 
percentage of normal voltage as ordinates and shunt field current as 
abscissas. OE,n is the maximum voltage that can bo obtained when 
the vh(U)siat is all cut out and the generator is self-oxcited. Oa is tlio 

‘ Oraphigeho BoreehiumK von Wiclerstanderegulatorcn/^ by F. TIunko, Elek- 
troienhniflcho Zeitschrift, Vol. 21, 1900, p. 801, and ^‘Exciter Field Rheostats,*^ by 
J, F, Fornianok, General Electric Roviow, Vol, 28, Feb., 1926, p. 125, 




ance lino. The diagonal, Oc, intoi’secls the shunt held resistance lino 
at/, and dfis the resistance in the shunt held circuit when the terminal 
voltage is The total resistance necessary in the sliiint hold circuit 
for other voltages can bo found by drawing diagonal lines from a number 
of points on the open-circuit saturation curve to the origin. The inter- 
sections of these linos with df extended give the total resistance neces- 
sary in the shunt held circuit for the coiTesponding voltages. By 
plotting these values of hold circuit rosistaneo, as shown in Big. 65, the 



Rheostat Buttons 

134 122 110 98 86 74 62 50 

Terminal Voltage Per Cent 

Fia, 66. — Ilhoostat msistando curve. 

hold resistance curve, is obtained. If the held resistance is sub- 
tracted from the values of hold circuit resistance sliown by Curve /i, 
Fig. 05, the hold rheostat resistance curve is obtained, as shown in 
Fig, 66. Field rheostats should be so designed that the same variation 
in voltage is obtained for all tlio buttons' on the ihoostat, regardless of 
the voltage at which the machine is oporatiiig. On the assumption of 
equal voltage increments between buttons, the voltage scale, Fig. 66, 
may be replaced by a scale showing rheostat buttons. Obviously, it 
would be impractical to make the resistance different between all 
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arc generally built up of resistance units, and if a large number of 
those can bo made alike, tho construction of the rheostat will be greatly 
simplified. Tho resistance between the buttons of the rheostat can be 
found by subtracting tho resistance for any one button from tho resist- 
ance of the previous one. This would bo a tedious process and would 
involve considerable tinio. For practical purposes, it is more conve- 
nient to divide tho rheostat resistance curve into a number of sections, 
as indicated by X, Fig. bb. Straight linos drawn between these points 
give a broken curve which nearly coincides with the original. Each 
of these sections then represents a group of rlioostat buttons, for which 
tho resistance is the saino, TJic rc'sisiancc of each group can easily be 



Fia, 07. — Equivalent rjiooslut resistance curve. 

found as follows (see Fig. 00) ; Tho section of the rheostat resistance 
curve, for example, between 15 and 25 buttons comprises 10 buttons, 
and the resistance variation is from 6 to 10.7 ohms, or 4.7 ohms. Divid- 
ing this value by tho nuinbor of buttons for the section, 10, gives tho 
rosislancc per button equal to 0.^17 ohm. Figure 67 shows tho resistanco 
l)otwocn buttons for tho various sections of tho rheostat. 

Sample Design: Des^ign of Shunt and Series Field Windings , — 
The sample generator is to be designed with commutating polos. The 
brushes will therefore remain in tho no-load neutral position and tho 
armature demagnetizing ampere-turns will be equal to zero. 

The demagnetizing effect of tho armature cross-magnetizing ampere- 
turns is determined graplucally as explained on page 78. Tho arma- 
ture cross-magnotizing amporc-turns per polo — ATP^ = 0.665 X 
6440 - 3620. Tho graphic construction for tho sample problom is 


magnetizing field = OF^ — OF = 0200 — 5004 — 696 aiiipcro-tiirns. 

At no-loadj the voltage across the shunt field winding will be 230 
volts, and the corresponding anipore-turns per polo are equal to 4360 
(see Fig, 57). At fulHoad, the voltage across the shunt field winding is 
250 volts. Tho shunt field ampere-turns per pole, 

250 

ATP/ = — X 4360 = 4740 timporc-turns. 


The shunt field winding will bo designed as shown in Fig. 60, with 
the series field ’winding on tho outside of the shunt fiekl winding. The 
depth of the shunt field coil must first be estimated; for this design, 
0.75 in. will bo used. The length of the mean-turn can easil 3 ’^ bo cal- 
culated from the skotcli shown in Fig. 60, which is for the sample design. 

Lf = 2lx + 2(Wp 2Wd) 4” 7r[d/ + 2{ioa -j- 4V)] in. 

- 2 X 11 0 + 2(0 125 - 2 X 0 50) + 7r[0 75 + 2(0.50 + 0.10)] 

=- 38,38 in. 

The section area of the shunt field conductor, 

^ ATP,L/pr ^ 4740 X 38 38 X 0 X 0 826 

~ Et(0 70 to 0 80)10" " 250 X 0.75 X 10“ 

== 0.0048 sq. in. 


A No. 12 j’ound wii’p lias a section area of 0.00515 sq. in. and a doublc- 
cotton-coverod diameter of 0.091 in. This wire will bo suitable for tlie 
shunt field winding. The shunt field current has been estimated at 
8,4 ampores. For this current, the number of sbimt field turns per pole, 


i/ = 


ATP/ 

V 


re. 

-- - 6(15 


and the curront density for the shunt field copper, 


Af 



■ = 1030 amperes per sq. in. 

U . uUolo 


From tho sketch, Fig. 60, which i,s for tho sample design, tho height 
of the winding space for tho .sliunl field coil, hf = 6.8 in. The number 
of turns per layer 


6 8 
0 091 


= 74 6; use 73 


xiiu iui uiiu uLiiii iimai/ uu iiuuwuu la piibbuig ixuiu uiiu xiiyui lu ljiu 

next; 73 iiirna per layer will therefore be used. The nuinbor of layers 
51)5 

-^-7.75; use 8. 

The number of sluuit field turns per polo, 

- 8 X 73 - 584; 
the shunt field current, 

•710 , ^ 

ij = —— == 8 12 amperes; 


and tlic cuiTent density, 


8 12 

vl/ = ^ amperes per sq. in. 


The depth of Iho field coil, r// = 0 091 X 8 = 0.728 in. or practically 
the same as first assumed. It will thei'efore not bo necessary to recal- 
culate the mean-turn. 

The resistance at 75° C., 

_ „ 38 38 X 584 X 0 X 0 826 

^ " .S; X JO" “ 0.00515 XJ0« 

= 21.6 ohms 


and tho copper loss, 

Wf = i/^R/ = 8.122 X 21.0 = 1420 watts. 

Tho cooling surface, 

Sf = 2((lf + hj-)L;p = 2(0 73 + 6.75)38.38 X 6 
= 3450 sq. in. 

and tho cooling surface per watt loss. 


,8/ _ 3150 
Wf ~ 1420 


2.43. 


The weight of tho shunt field copper, 

Gf = Ij/l/pHf X 0.321 

= 38.38 X 584 X 0 X 0.00515 X 0.321 
== 223 Ib. 



From Fig. 57, tlic total ampore-turns rcquiroci on uic ruMo vviiinuig 
to gonorate 250 volts at the torininals of the luachiiu) at full-load are 
found to be 6200 anxpere-turns. The shunt field anipoK^-tiirns weit^ 
calculated above and are equal to* 4740. The ainporo-turns per pol(^ 
required for the series field will bo 6200 — 4740 — 1460 anipcre-iurns, 
For the long shunt connection, the current in tlio sori(»s field winding 
will be equal to the armature current, /o- Tho number of turns per 
pole for the series field, 

1460 , _ . r j 

^ ^ ^-21; use 1 5 turns. 


The ampere-turns per pole on the series field will thou bo, 

ATP<r — 1208 X 1 5 = 1810 atnpci-G-tunis. 

It is generally desirable to use a larger number of ainpero-turns than 
the calculations show, to allow for vuiiations in tho material of tho 
magnetic circuit, inaccuracies in tho determination of armature reac- 
tion, etc. 

The series field ‘Winding will be placed on the outside of the shunt 
field winding. For a current density of 1800 amperes per s(i. in., tli(^ 
section area of tho series field conductor, 


J. _ im 

A, ” 1800 


0.672 sq. in. 


A bare, strap copper conductor, wound on edge, will be most suiiahli^ 
for this winding. Three strap conductors, 0.210 X 1.00 in,, in pai'allel, 
will be used, each having a section area of 0,216 sq. in. The ciirront 
density is then, 


A. 


1208 

3 X 0.216 


1860 amperes per sq, in. 


From the sketch, Fig, GO, the mean-turn of the series field winding 
can easily be calculated in the manner described for tho shunt fi(4d 
winding. 

L, = 2 X 11.0 + 2(6.125 - 2 X 0.5) + tt X 5 15 4- 6.0 - 54 .45 in., 

where 6 in. is added to the mean-turn of the coil to allow for ill(^ con- 
nections between poles. 

The resistance of the series field winding at 75® G., 

^ _ Lsispr 54 45 X J 5 X 6 X 0,826 
' s. XIO^” 0.648 X 10^5 


- 0.000624 ohm. 



/X = 1208 X 0.000G24 = 0.755 volt^ 

or 0.302 por cent of the full-load terminal voltage. 

It will not bo necessary to calculate the cooling surface per watt 
for this type of series field winding, because experience has shown that 
for current densities up to about 2000 amperes per sq, in, satisfactory 
operating temporatiii'cs are generally obtained. 

The woigliit of the series field copper, 

G, = X 0 321 

= 5J.45 X 1.5 X 0 X 0.018 X 0.321 = 102 lb. 

The shunt field rheostat resistance is calculated by formula 92, 

== 18 4 ohms. 

The graphic construction, to determine the value of the resistance 
for the various buttons on the rheostat, is shown in Figs, 05, 60, and 67. 
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COMMUTATION AND COMMUTATING POLE DESIGN 

When tlic eoiniiiiitator segments to whieli the arnuituro coils arc 
connected pa>ss under tlie brushes, the arnuiUin^ coils are successively 
transfoiTod from one arinaturc path, in wliicli the current has one direc- 
tion, to an adjoining armature patli, in which the? current is of opposite 
direction. During this period the coils are short-circuited by the brush, 
and tlio current must be reduced from its original A'^aluo to ;iero and 
then built up again to an eciual value in opposite direction. 

The time variation of the current in a short-circuited coil may bo 
represented diagrainmatically as shown in Fig. OS. In this diagram, 
ordinates represent valiu's of current and ai)seissas rejiresent time, 
Before the coil undor consideration outers ilui commutation period AB^ 
the current in it is (upial to — and after the completion of commuta- 
tion it must be ecpial to + The curve sliowing the time variation 
of the current in the short-circuited coil is called the sliort-cireuit 
current curve. 

Curve 1, Fig. 08, shows the curroni in the sliort-circiiilod coil cliang- 
ing at a uniform rate from — to + 4* This typo of commutation is 
known as straighUine commutation. Straight-line commutation is 
desirable, because it gives rise to uniform ciUToni density at the brush 
contact surface, and the brush contact loss is a minimum. 

Curve 2, Fig. 08, shows that the current has l:)eon r(^versed too 
rapidly and roaches a value greater than + 4 before commutation is 
completed. For this case, the current may roach its final value without 
sparking, but it may involve local current densities at the l)rush contact 
surface of sufiiciont magnitude to produce glowing of the brush, which 
would load to high commutator temperatures, rapid deterioration of 
the brushes, and excessive brush contact losses. This condition is 
known as over-commutation. 

Curve 3, Fig. 68, shows a case of the current not being reversed 
with sufiiciont rapidity. The cuiTciit builds up to a value greater than 
its initial value. This condition may involve oxcessivo local current 
densities at the brush contact surface, which would lead to high com- 

U 











bnish, This condition is known as nndor-comniuiation. 

In the abovo, no accounL has l)oen taken of the effect of the meohani- 
cal conditions of the connnutalor and In’ushos. In order to secure 
successful commutation, it is necessary to have the best possible con- 
tact botwoon brushes and commutator. A most important require- 
ment in socurin^i; such contact is that the mica between commutator 
bars shall not protrude. Whore the current passes from the commuta- 
tor to the brush, the commutator copper is oaten awa 3 '' but the mica 
remains. If ftood l)nisli contact is to be maintained, the mica between 
bars must bo worn down mechanically'' at the same rate that the copper 
is oaten away. If the copper is eaten away more rapidly than the mica 
is worn down, the mica will oventimlly stand abovo the copper, and the 
bruslios will cease to make good contact, which condition will increase 
the burning action. To prov(mt Iho 
mica from protruding abovo the com- 
mutator bars, it is now generally 
under- cut, so that it is a little below 
the surface of the commutator. 

In addition to eliminating sparking, 
under-cutting the mica allows the use 
of softer brushes. If the mica is l(d*t 
flush with the commutator, a brush 
must 1)(^ used of sufficient hardness to 
wc^ar <lown the mica ns fast as tlio cop- 
per is oaten away. Such brushes, how- 

('.v(n‘, liavo no self-lubricating qualities and are noisy, ospoclally on high- 
speed commutators, Lack of lubrication will cause the brushes to 
cliatter and vibrato, kiading to bad contact between the bruslK's and 
commutator and causing sparking, Ctrapliitc brushes or carbon brushes 
with considerable graphite in them are extremely good for collecting 
current, but because of their softness tho.y give poor results in wearing 
down the mica. Because of their graphite constituents, those brushes 
arc largely scif-lubricating and thus ride on the commutator more 
smoothly'' and nuicli more quietly’' than ordinary carbon brushes. 

'I'o prevent the commutator from wearing down in grooves and 
forming ridges l)etwoen the brushes of each brush arm, it has generally 
been the practice to displace all the positive brushc.s in one direction 
and all the negative Innishes in the other direction. But since the 
eating away of the copper occurs only under tho brushes of one polarity, 
it has been found hotter to stagger the brushes in pains, so that the 
eating away of the copper is equalized over the entire commutator. 



Fid. 68r 


-Short-circiiil cmToni 
curvoB. 
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between adjacent coxnmutator bars. The thickness of the mica 
between adjacent commutator bars is generally about ^ in. From this 
it might be presumed that a high voltage between bars is permissible. 
It has been founcl, however, that the maximum volts between adjacent 
commutator bars should generally not exceed approximately 30 volts ^ 
for largo machines. For very small machines, this value may be con- 
sidcrably larger. 

Width of Commutating Zone. — The width of the commutating 
zone or portion of the armature circuinfercnco whore one or more arma- 
ture coils are short-circuited, is of importance in calculating the reactance 
voltage and in determining the width of the commutating pole slioo. 

I 



Figure 69 shows two coils of a simplex wave winding, For the position 
of the brushes shown, coil 1 is at the moment of beginning commutation. 
The width of the conuniitating zone of this coil is dotoruiincd by the 
position of brushes 1 and 8 relative to tho commutator bars to whicl) 
the ends of this coil are connociod. Tho distance tho armature must 
move from the time commutator bar 1 comes in contact will) brush 1 
to the time when it leaves tlie brush again is, 

(b -f l)fir in., (93) 

whore b is tho thickness of tho brush or its widtii along the commutator 
circumferonco, expressed in commutator bars, and is the commutator 
bar pitch roducod to tho armaturo diamolor. Equation 93 would 
give the width of tho commutating ;50fie of coil 1, if its commutation 

^Physical Limitations in D-0 Commutating Machines,*^ by B. G. Lnmmd, 
A.LE.E., Vol. 3^J, p. m2. 


the commutating zone of coil 1 an amount equal to t)io clifforcnco between 


1 "^ Cl JC 

and 2—, The width of the commutating zone for one coil in 

V V 

inches of armature circumforoncc is then, 

yl = b + 1 ± = (& + !- in. (91) 


After the commutator has moved a distance equal to the width of 
one commutator bar, the next coil begins commutation, and the widtli 
of the commutating zone for the upper or lower part of a slot is, 

+ L — ^ - {h + m — in. (95) 


For a full pitch winding, the upper and lower parts of tho slot com- 
mutate at tho same time, and formula 95 gives tho width of tlio com- 
mutating zone for such a winding When cliorded windings are used, 
tho conductors in the top part of tho slot do not begin commutation 
at the same time as those in the lower part of tho slot, This condition 
has the effect of increasing the widUi of tho commutating zone, If (p 
is the difforenco in phase of commutation between a conductor in the 
top of a slot and a corresponding conductor in tho bottom of a slot, 
expressed in number of commutator bars, then the width of tho com- 
mutating zone for oilhor full pitch or chordod windings is, 


VJp 


= (^h + m + <p - 


(96) 


The dilTerojico in phase of conimutaiion for the top and bottom of a 
slot is calculated as follows; ^ 


K 1 
P 2 


(97) 


When l(Yi — 1) in formula 97 is greater than /f/p, or when over- 
chordod windings are used, tho value of <p will bo negative, The 
effect of the phase diffovence in commutation upon tho width of the 
commutating zone is, however, the same, regardless of tho sign of <p. 
The absolute value of <p with the positive sign must, therefore, always 
be used in tlie formula for Wc» 

Formula 96 has been derived for tho simplex wave winding. It 

® " Dio Glcichafcrominnschine,’^ by Dr. Arnold and La Gour, VoL 1, 3rd od., 
p. 248, Julius Springor, Berlin, 


lap and wave windingj^. 

For a wide oonimulating iiono, the coils under coinimitation will 
come under tiio influence of tlie flux from the main polo tips and ilui 
commutating pole will be wide, which condition leads to a lieav 3 ^ leidc- 
age flux. ICxporience has shown that the widtli of the coinmutalirig 
zone should not exceed GO per cent of the neutral zone; whore the 
neutral zone is the portion of the ainature circuinforence l^otwccn two 
adjacent polo tips = (1 — ^)r. 

Reactance Voltage* — ^Thc coil undergoing commutation lias induced 
in it an o.m.f. of sclfdncluction due to the reversal of the current in ilu^ 
coil, the solf-inducod cau.f. always acting to oppose the change in cur- 
rent. If the shoj't-ciroiiited coil is in inductive relation to one or more 
coils in the same slot undergoing commutation at the same time, there 
is also induced in it an o.m.f. of mutual induction. This voltage of 
self and mutual induction induced in a short-circuited armature coil is 
called the reactance voltage and is the basic cause of sparking. 

The reactance voltage maj’’ bo expressed by the fundamental 
equation: 

e. - {L + (98) 

whore L is the coofHciont of self-induction, il/ is the coofTieient of mutual 
induction, and ch/dl is the rate of change of current in the sliori:- 
circuited coil. 

It is convonient to calculate the coofRciont of self and mutual induc- 
tion at the same time. For tliis purpose Ij is used as the coefRciont of 
self and mutual induction, IJ is calculated from the reluctances of tlio 
flux paths and the magnetomotive forces acting upon the flux intej’- 
linked with the short-circuited coil It is calculated for tlio case for 
which the top and bottom of a slot, containing only two coil sides, 
comniutato at the same time, and is later corrected to take into account 
the actual conditions. To simplify calculations, the flux interlinked 
with the short-circuited coil is divided into four parts; 

(1) The flux that crosses the slot (Fig. 70). 

(2) The flux that passes through the air gap from the top of one 

tooth to the top of the next over the armature length I — k (Fig. 70). 

(3) The flux that passes through the commutating polo shoo and 

the commutating polo air gap twice (l^g. 71). 

(4) The flux that surrounds the coil ond-connoolions. 

The coeflicient of self and mutual induction for each of the four 


as follows: 


L'l = 4,25i — </ 

w, 

2ti — w, 

lA = 0 35//(^ - /.)logio ^ 

w. 



Fro, 70. and t.oolh lip Iralcago Fro. 71 — ^"rooth Up loakngo path imdor 
jKith.H {'oinmii tilting polo. 

For Ghn ontiro slot, 

L' = (I/i+ L'o + TA + //4)10~-« Iionrys 

= ^ [-1.25?^+ 9.35(/ - /,)Iog,o - ~ 

10^ L W, w, 

tin I nn I 

+ 2 . 03;, -- - ■ + 4 . 00/. Iionrys. (99) 

O, J 

The ralo of change of current in tlio short-circuitod coil is assumed 
to bn constant for the ontiro short-circuit period, that is, connnuta- 
tion is assumed to be linear. For one coil only, neglecting ilie effect 
of the other coils in the slot, the avoi’ago rate of change of current, 

(Ji 

(U^ i ^ A ' 

Kiu 

whore A is the width of the short-circuited mne of one coil expressed 

in commutator bans = /> + 1 — - (see formula 94). When there are 

V 

^Design of Auxiliary Polos, hy A. Brunt, Electrical Roviow and Western 
KlccLrieiiui, Vol. 50, 1911, p. 610, 



more LIlU/Il l/WU uyn jJul oiv/uj imvi v»* -ww-— — — - 

must pass under the brush to complete commutation for the coil sides 
in the top or the bottom of the slot are A -\- m — I and the avorafr() 
value of di/di foi* the coil sides in the top or the bottom of the slot, 


di 

dt 


m 

A + — 1 


Kns2ia^ 


( 100 ) 


Equation 99 is the equation for the coefiicienfc of self and mutual 
induction when there are two coil sides per slot and when the two coil 
sides of a slot commutate at the same time. AVlion only one pari, of a 
slot is to be considered, then the value of L' must be divided by 2. 
When the coil sides in the top and bottom of a slot do not commutate 
at the same time, the mutual influence of the coil sides in the top and 
bottom of the slot is taken into account by multiplying by the 
factor, 

2 ^ ^ , 

A + m — l’ 


AVhon the coil sides per slot commutate at the same time, (p is equal to 
zero, and the value of this factor is equal to 2, When the two parts of 
the slot do not influence each other, (p is equal to A + m — 1, and the 
value of this factor is equal to L 

Talcing into account the nmtual influence of the two parts of the 
slot, the equation for the cooflicicni of self and mutual induction 
becomes, 


V - 


/ 2 
f'a 


2 X 10« 


(2 - ^ -)j4 25/- + 9.35a - 

A A + Wl — 1/ I U)s 


2i\ — Wi ^ 

' + 2.03?f 


Ws 


— j + 8.12/. = 


/ 2 
hi 


2 X 10» 




Substituting the expression for U and for di/dt into the fundamental 
equation for the reactance voltage, 

_ Krisiutg^ VI ^ 

10® A + 






KtJa — the total number of amporc-iurns on the armature = ^VTP^p, 
therefore, 


ATVaptgn, VI 

10® A + VI -- 1 


(101) 


Formula 101 gives the reactance voltage per coil for machines 



many commutating polos as main poles arc used, the formula must be 
changed to tlio following form: 

_ m 

JO® A + m — i 

L _ ;-){4.25i- + ‘i.C6(2i - h) logio 

L\ A + m — il \ w, 

+ 1 ^ 02 ;, 2^-1 + 8 12 (. l . ( 102 ) 

We Si j A 

I'''or the derivation of these formulas, the simplex wave winding 
was assumed* They apply, however, ccjually well to simplex lap wind- 
ings and to multiplex lap and wave windings* 

Design of the Commutating Pole —The commutating polo is placed 
between two main poles, so that the coils undergoing commutation will 
cut the flux in the commutating pole air gap* They are generally 
made of cast steel or punched from shoot steel with no special polo 
shoo; that is, the length and width of the polo body arc equal to the 
length and width of the polo shoo. Por small and •medium sijiod 
machines for moderate voltages, half the commutating poles arc often 
omitted primarily for economical reasons*'^ 

In order that the short-circuited coils shall come under tlie influence 
of the commutating pole, the width of the commutating-polo shoo must 
be equal to the width of the commutating zone; an allowance of from 
1*5 to 2 times the air gap under the commutating polo may bo made for 
the fringing of the flux at the tips of the commutating polo. The width 
of tlio commutating pole, 

Wi — Wc -- (1.5 to 2)5|‘. (103) 

The commuiating-polo width must also bo so chosen that the leak- 
age flux will not bo excessive* To avoid excessive leakage, the width 
of Iho commutating polo should generally bo not greater than one-half 
the space between adjacent polo tips or 

Wi 5 ( 10 ^) 

The wicllh of tho commutating pole must further bo chosen with 
regard to the armature tooth pitch. With narrow commutating poles, 

*'‘Tho Niiinbov of Commutatinf; Poles Used in Dircol-Currenfc Machines," 
by J. A. Elzi. Electric .Journal, Vol. 22, March, 1026, p. 129. 


Uiil/ X/* v>x>*4.4i>A.>v> V«.«I -w ...... 

slots, will bo large. The pulsations of the commutating’- pole flux can 
be reduced by using a large number of slots, tlmt is, by reducing tho 
tooth pitch. A large air gap under the coininutating polo will also 
help to roduco the flux pulsations. It is, however, not desirable to 
make tho air gap very large, for the main pole flux will then penetrate 
the commutating -pole air gap. Narrow commutating polos recpiire 
that tho brushes be accurately located in the gooiuetrical neutral posi- 
tion, to avoid the compounding effect of tho commutating-pole flux 
In general, the commutating-pole width should bo larger tliaii 1.5 timoa 
the tootli pitch, and if possilflo, should bo a multiple of the tooth pitclr 
(see Chapter III, page 44) or, 

g 1 5h. (105) 

Tho length of the commutating pole is generally chosen from the 
standpoint of economy, for tho shorter the commutating pole, tho shorter 
will be tho mean-turn of the coimniitaling’-polo winding and tho smaller 
tho copper weight, losses, and leakage flux. The length must, of course, 
be so chosen that tlio flux density in tho cominiUating polo will be 
below tho saturation point of the material. The choice of longih 
depends also upon the service for which tho machine is intended. For 
machinesdosigned for largo, fluctuating loads or for variable speed motors, 
for whicli good commutation is often difficult to obtain, tho commutating 
polo is generally made as long as the main pole. For normal motors 
and generators with as many coniniiitating pokis as main poles, tho 
length, 

li - (0 GO toO 80)Zi, (lOG) 

For motors and gonoi’ators witii Iialf as many commutating poles as 
main polos, tho commutating- polo length is generally equal to tho 
main-polo kmgth. 

The commutating-polo air gap must not be so small as to produce 
large pulsations of the commutating-polo flux, caused l)y tho arnuiUiro 
slot. It must not be made too large so that the main-polo flux will not 
aflcct tho comimitating-polo field. In general 

5,’ (1 to 2 ) 5 . ( 107 ) 

For machines for which good commutation is difliculi to obtain, tho 
larger air gap will generally bo found more satisfactory. 

To obtain straight-lino commutation, tho voltage induced in tho 
short-circuited coil by the coinmutating-polc flux must, for every 
instant of the short-circuit period, be equal and opposite to the reactance 


Giitirti short-circuit period. If straight-lino conimutation is assumed^ 
the change of the ciUTcnt volume for either the upper or lower part of 
the slot can bo sliown as in Fig. 72a. The following data apply: 

/3 - 0 1G3, K = in, - 2 3, a = 2, p - 
A = Z; + 1 — a/p = 2 3+ i — t^2 8, 
m - 3, Vi - 55, - 0 75, 

A+m - 1 = 2.8 -I- 3-1=48. 


The current volume of either tlu^ top or bottom part of the slot changes 
from +3i„ to — 3i„. From tlie b(»giiining of coniinutation, for the *slot 
under consideration, to the point 
a, only coil L is in short-circuit; 
from a to 6, coils 1 and 3 are in 
short-circuit; from b toe, coils 1, 

3, and 5 are iu short-circuit; from 
c to dj coils 3 and 5 and from d to 
e coil 5 are short-circuited. The 
number of commutatoi* bars that 
must pass under the brush, to 
commutate the coils in the top 
or bottom of the slot, are equal 
to A + — 1 = 4,8, as shown iu 

Fig, 72a. 

The reactance voltage in any 
of the three coils in the top of tlie 
slot, not taking into account the 
influence of the coils in the bot- 
tom of the slot, is shown in 
Fig. 725, the coils being in short- 
circuit during the periods indi- 
cated by 1, 3, and 6. Obviously, the coils in the liottom of tlie slot 
will have the same reactance voltage as those in the top of the slot, when 
the influence of the two parts of the slot on each other is not taken into 
account. When botli top and bottom of the slot are considered together, 
the coils in the bottom of the slot begin commutation <p commutator 
bars before or after those in tlie top of tlie slot. Figure 72c shows the 
reactance voltage for each of the three coils in the bottom of tlio slot, 
commutation beginning <p = 0.75 commutator bars after the beginning 
of commutation for the top of the slot. By adding the corresponding 
ordinates of Fig, 72b, representing tho top of the slot, and Fig. 72c, 



Fiii. 72 . 
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a b 

Fi(i. 73. — Shapes of com 
mutnting ]jolc shou. 


rupmscniing uiG uoiuom oi ulg sior, im rcsuimmi reacmnce voiuigu lur 
all tho coils of the slot is obtained as shown in Fig, 72d. Tho orclinatos 
of Fig, 72(1 represent to a certain scale the roaetanco voltage of the vari- 
ous coils of the slot. 

In order to induce in the short-circuited coil a voltage equal and oppo- 
site to the reactance voltage, tho flux density at each point in tho com- 
mutating-pole air gap must bo proportional to tho reactance voltage at 
that point. To obtain perfect compensation of tho reactance voltage, 
tho commutating-pole shoe should have tho shape of the reactance 
voltage curve, Fig. 72d, that is, the length of tho commutating-pole air 
gap at each point of the commutating zone should bo inversely propor- 
tional to the reactance voltage at that point. Obviously, tho com- 
rnutating-polc shoe will not be built with tho shapo shown by Iho curve, 
Fig. 72dy but will have the shape shown in l^ig, 
73a and b. Perfect coi^ipcnsation of tho react- 
ance voltage is, therefore, not always possilflen 
It is obvious, from what has been stated above, 
that the curve showing the variation of tho 
reactance voltage for the commutation period 
of one slot will be of rectangular shapo when there are only two coil sides 
per slot and when they commutate at tho same time, that is, when ^ = 0. 
For such a case, tho air gap under the commutating polo will bo of tho 
same length for all parts of tho polo shoo, and tho flux density for all 
points in the commutating-polo air gap can be made proportional to the 
reactance voltage. For machines for which commutation diflicultics 
are apt to aviso, it is therefore desirable to arrange tho armature winding 
with only two coil sides per slot, with a full pitch winding (sec Ohaptei’ 
III). Although beveled commutating-polo shoes arc of great luflp in 
obtaining tho best possible commutation, they should be used only in 
coses wliero diflicult commutation conditions exist, because they make 
tho machine sensitive to correct brush position. Very good results 
are generally obtained by using a oommutating-polc shoo wiLli a 
straight face. 

Commutating-Pole Ampere-Tums.— Formulas 101 and 102 give tho 
average value of the reactance voltage per coil, To induce a voIt^lgo 
in the short-circuited coils equal and opposite to the average value of 
the reactance voltage, tho average value of tho flux density in the com- 
mutating-polo air gap, when as many commutating poles as main poles 
are used, must bo, 




c, X 60 X 10® 


lines per sq. in. 


2tahv X 12 


(108) 








pole flux affects one side of the coil only and, 
Cr X 00 X 10» 


t„kv X 12 

The commutating-polo flux, 

(|)^ = lines 


' linos por sq. in. 


(109) 


(ilO) 


The flux paths of a two-pole^ g(Mionitor, with as many commutating 



Fici. 74,-“ Flux paths in a two-poln d.-e. gonorator, 


polos as main polos, arc shown in Fig, 74. 
commutating-polo air gap, 

ArV _ 

8.2 ' 


Tho amporo- turns for tho 


( 111 ) 


Tho ampoi'C-tuvns for tho remainclor of the commulating-polo mag- 
notic circuit can bo caloulatod in tho manner described for tho main-polo 
magnetic circuit, Chapter IV. 

To tho amporo-iurns required to send tho commutating-polo flux 
through tho magnetic circuit must ho added tho armature amporc-turns 


iiiiiing HI iiiu inierpoiar space, i nc total ampere-turns per commutating 
pole arc then, 

ATP, = ATP« + ATai AT,, + AT%, + AT^„ + AT,/,. (112) 

!i / 

When half of the coinmiitilting polos ahe omitted, the commutating- 
pole flux returns through iholmaln pole and main-pole air gap on each 
side of the commutating pole! amporo- turns required to send the 

cominutating-polc flux through the- commutating*-polc air gap, armature 
teeth under tlio commutating pole, armature yoke, and the held yoke 
are calculated in tlie same way as given above for machines with as many 
commutating poles as main poles. To those must bo added the ampei'e- 
turns required to send the flux through the main pole, nmin-polo air gap, 
and the teeth under the main poles. (Hec foot note, page 05.) TIk' 
sum of the ampere-turns for the various parts of tlio magnetic circuit plus 
the armature ampere-turns poj* pole gives the total number of ampon'- 
turns requii'od on each coniumtating pole. 

In order to obtain proper compensation of the reactance voltage cat 
all loads, the flux density in the commutating-polo air gap must vary 
directly with the load cuiTcnt, because the rcactcanco voltage varies 
directly with the load current. This can onlj’' bo obtained when the iron 
parts of the commntating-polc magn(^tiG circuit arc unsatuvated, For 
normal machines the ampere-turns for tlio iron parts of the magnetic 
circuit are generally equal to from 0.50 to 1.0 times the air gap ampere- 
turns for the commutating pole, Then, 

ATP. - ATP« + (0.313(5.7?,.A’)(1.5 to 2.0). (113) 

Design of Commutator and Brushes, — Tlio number of commutator 
bars is always known as soon as the armature winding is determined, 
because it is equal to the number of armature coils. The commutator 
diamotor is generally from GO to 80 per cent of the armature diamctoi’. 
It must be chosen witli regard to the peripheral speed and the tliickness 
of tlio commutator bar. 

The commutator peripheral speed is generally about 3000 ft. per min. 
Peripheral speeds of 6000 ft, per min. arc used but should be avoided 
whenever possible. The higher commutator peripheral speeds generally 
lead to commutation diflicullios. 

The minimum thickness of the commutator bar, the thickness at the 
inside of the commutator, should not bn less than 0.06 in., and llio 
maximum thickness, the thickness at the commutator surface, should 
not bo less than 0,1 in. If the thickness of the mica is ^ in., then the 



assumed, the coininutaLor diameter, 



TT 


The tliicknoss of the britpli or its width along tlio commutaLor cir- 
cumference may bo a dei(U’n lining factor in choosing the eoininutator 
diainettn'. Formula 9() shows that tht^ tliicknoss of the brush and tlu^ 
commutator bar pitch are factors which do ton ui no the widtii of the 
commutating zone. Tlai thickness of the brusii or the iuimb(ir of coni- 
muLator bars covered by the brusli determines the number of cods 
siiori-circuited at one time, 

Tlio length of the commutator depends upon the space rctpiirod by 
the brushes and upon tlio surface required to dissipate the lioat goiioratod 
by the commutator losses. If wtt is the width of the brush or its length 
along the axis of the machine, and m is the number of brushes per brush 
arm, then the length of the coniinutator, 

lo — 71bi^Ob ~k "h ^2f (115) 

where J- in. is tlio clearance between brushes and depends upon the con- 
struction of the brush holder, and €•> is a clearance allowed to stagger tlu^ 
hruslicSj as explained on page 95. This clearance will vary somowliat 
with the size of the eoininutator, Imt will gonoi'ally bo from 0,5 in. for 
small machines to approximately 1.5 in, for large machines. Formula 
116 gives the minjinum length of commutator, the length required for 
tlie brushes. If this length gives too small a I'adiating surface, so that 
the commutator temperature rise exceeds the pormissiblo value, then h 
must bo inci'oascd to give sufficient radiating surface, to dissipate the 
heat generated by the commutator losses. 

The total brush contact surface (positive and negative brushes), 

(uro 

From tho stfindpoint of comiiiutation, llic curroni, <ionsitj' ai tho brush 
contiict should bo iis ])igli as possible, bociiusc tho brush contact drop 
ineiviasos with increasing current density, Fig, 75. 'Po keep tho brush 
contact PB losses small, tho current density inu.sl be as low as possible. 
Tho higher tho current density the .smaller will be the brush contact 
surface and also tho brush friction losses. There is therefore one cur- 
rent density for which the total losses at the commutator will bo a 


minimum. Ihe following tabic gives the curront density in amperes 

1 1 I n 1 I I I ] 1 1 
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Current Density Amperes per sq in. 

Fig. 76,— Approximalo brush contact drop-carbon brushes. 

per square inch for various kinds of brushes used for direct current 
machines: 

TABLE VI 


fijcloro- Ainpci cs 
scope per Square 

llaidnca? Inch 


iMeclium 

I-Iigh 

Low 

Medium 

Medium 

Medium 

Very high 

Low 

Low 

jMcdium 

High 

Low 

High 

Low 

Very high 

Low 

Low 

Low 

Very low 

Very low 

Exceptionally low 

Very low 

Except ionalb^ low 

Very low 










i^onuici i^ooinciont 

Diop of Friction 

Very high . . . 2.6 aiul over 0,27 and over 

High 2.0 to 2.6 0.22 to 0.26 

jMedium 1.4 to 1,9 0.17 to 0.21 

Low 1.0 to 1.3 0.12 to 0.16 

Very low 0.7 to 0.9 0.07 to 0.11 

Exceptionally low 0.3 to 0.0 


Tlio current densities given in the table are for normal load and nor- 
mal operating conditions. The brush contact drops are tlio voltage 
drops at both bruslios (positive and negative) at rated carrying capacity, 
for a brush pressure of 3 lb. per sq. in., and a peripheral speed of 3000 ft. 
per inin. The values given for the cocfliciont of friction arc for a brush 
pressure of 3 lb, per sq. in. and a peripheral speed of 3000 ft. per min. 

The thickness of the brush or its width along the commutator circum- 
ference is dotermined from the number of bars covered by the brush. 
To reduce tlie length and co.st of the commutator, it would bo desirable 
to use a thick brush. But this is not possible, because of the el'fcct of 
the brush thickness upon commutation and upon the commutating-polo 
width. The thickness of tlio brush is generally from 1 to 3i times the 
commutator bar pitch. For very low voltage machines with wide com- 
mutator bars, tlie thickness of the brush may bo ovon loss than the com- 
mutator bar pitch. 

The total width of tho brushes per brush arm, 




7laht 


(117) 


A small area of contact between commutator and each brush generally 
gives a bettor contact. Tho contact surface for each brush is generally 
from 1 to 2 sq. in., and tho width of oach brush is generally not o^^er 2 in. 
When determining tho thickness and width of tho brush, tho standards 
reoommondod by tho A.I.E.E,^* should bo followed, 

B A J.E.E. Proc., July, 1017, Vol. 30, p, 006. 

Fon WiD'fir OP BiiusiiEs and Diametkii op Hound BnufiiiES 

Up to i in. inclusive, increnso by stops of iV in, 

Over i in, to 2 J in, inclusive, increase by step.s of J in. 

Over 21 in., incroaso by steps of } in, 

Diameter of all round brushes, incroaso by steps of in. 

Note, — For widths, } in. stop.s arc to l)o used whenever possible. 



For Thickness of Brushes 

Up fco I in. inclusive, increase by steps of ^ in 
Over } in., increase by steps of J m. 

Note. — W henever possible, J in. stops are to be used above J- in. in thickness. 

Sample Design: Design of Commutator and Com77iiiiaiing Poles , — 
The commutator diameter is generally from GO to 80 per cent of the 
armature diainoter. Choosing 05 per cent, in order that the peripheral 
speed will not be too liigli, 

Dc “ 0.65D == 0.65 X 25 = 16.25 in.; use IG.Oiii. 

The armature winding for this design has four conductors per slot 
and one turn per coil. Each conductor is, therefore, one-half of a coil 
and the number of armature coils and commutator bars, 

= 2 X 81 - 162. 


The commutator bar pitch, 
TtDc TT X 16 


162 


^ 0.31 in. 


and 


25 


/?r-03l7-=0 485 in, of armature circumference. 
16 


If the brush covers 2 5 coinmutalor bars, the thickness of the brush, 
bf 2 5 X 0 31 - 0.775 in. 

Use a brush 0.75 in. thick, and the number of bars covered, 

, 0.75 „ 

b = r — 2.42, 

0.31 

The armature winding is not a full pitch winding, therefore, 

K .. 162 .. 

^ = — 2(53 - 1) 

P D 

= 1 . 0 . 

The width of the commutating zone is calculated by formula 96, 


w, 


<= (b + m + (p - = (2. 


.42 + 2+ 1 - 0.485 


= 2,14 in, of armature circumference. 



uxto 


ucjliWtJuii tiujuconii polo 






tips, 


-- 

- (1 - ^|^)T - (1 - 0.66)13.1 - 4.45 in. 


Tho ratio of the commutating zone to the non t ml ^sone 


2.14 
4 45 


0.481 or 48 1 per cent. 


Tlic brush thickness selociocl is ilioroforc satisfactory, as it is gon- 
orally desirable to keep the ratio of commutating zone to neutral zone 
equal to or less than 0.50. 

The mica of tho commutator is to be iincler-eiit, so that a medium 
hard or soft brusli with self-lul)ricating qualities will bo satisfactory, 
Choosing a current density of 45 amperes per sq. in., tho total brush 
contact surface, 


Ab 


2 X 1208 
45 


- 53 7 sq. in. 


Tho total width of the brushes per brush arm, 
Hb 53 7 


HbWb - 


— 11.95 in. 


iiahi 6 X 0.75 

With a brush width equal to 1.5 in., 8 brushes per arm are required, 
and tho length of the commutator, 

Ic — nb(wb + i) + ~ 8(1 .6 + !•) + 1 .0 

= 14.0 in. 


This commutator length will bo satisfactory if the radiating surface is 
large enough to dissipate the heat generated by tlio commutator losses. 
Tlic method of calculating the commutator radiating surface is given in 
Chapter VII. 

Tho length of the conunutating-pole air gap, 

= (1 to 2)5 ^ (1 to 2)0.22 

— 0.22 to .44; use 0.25 in. 

Tho width of the commutating polo, 

w, -- toc - (L5 to 2)5, - 2.14 - (0.376 to 0,50) 

- 1.765 to 1.64 in. 


W{ ^ 


1 ^ f 

—-T 


1 - 0.66 

2 


13. i 


^ 2,23 in. 


Wi 1.6 X 0,97 - 1,46 in. 



The commutating-pole shoo is therefore made 1,75 iti, wide and the polo 
body is tho same width. 

Since as many commutating as main poles are used, the length of 
the commutating polos, 

U = (0 60 to 0.80)Ji = (0.60 to 0 80)11 0 

= G . G to 8 8 in. ; use 8 . 0 in. 


Tho reactance A^oltage per coil is calculated by formula 101. The 
data required for this formula are: 

ATP« - 5440, p - G, ia = 1.0, tu - 15, m = 2, 5 = 2.42, 

4 = 6 + l- ^ = 2-12+]-|l- = 2.42, ^ = 1.0, 

Z = 11 0, d. = 1.57, to, = 0.3(53, i!, = 8 0, k = 0.97, 

= 1 75 5, = 0 25, 1, = L„ - i == 28 07 - 11.0 = 17.07 

4.251— = 4.25 X 11. 0;!;^ = 202 
w, 0.363 


nor/, 2<, -w. 2 X 0.97 - 0.363 

9 35(£ — I,) logio — 7 ;;^ = 9.35(11 — 8)logio r~rrr == 18 


10 , 


0,363 


2 = 

0 , 0.25 

8.12Z, = 8,12 X 17.07 = 138 6 

V> „ 10 


= 2 - 


= 1.708 


A+vi- J ~ 2.42 + 2-1 

M = 1.708(202 + 18 + 90) + 138.6 = 668.5 

ATP„/d„H« m 


------- ff I ^ .'ll Ilf' 

~ ""5 j 

10^ A + “ i 

5440 Xfl X I X 15 2 


108 

= 1.92 volts. 


2,42 + 2 - 1 


668.6 


The llu.x density in (.ho commutating-polo air gap, 

2 ~ X ^0 X 10^ _ 1.92 X 60 X 10^ 

“ 2t„l,o X12 “ 2X1X8 X 5890 X 12 
= 10,200 lines per sq, in. 







v-»^- o*v£-- w *wi LfX'i'V'' »/vy tiii I.x\.4. irtv WA**^“|VX-/J,V> l^tHUi.1 li L LI. I i 

by formula 46, in tlio samo way as for the main-pole air gap, 

^ h 0 97 

' + (l/d,) b.60r+7i.l2 X 0.25) 

- 1.095. 


The ampere-turns for the commutating-polo air gap, 

7?„,5,fc 10,200 X 0 25 X I 095 

~~ 3 2 3.2 

— 870 ampere-turns. 

These are the ampere- turns required for the commutating-polo air 
gap, to obtain straight-line commutation at normal load. When the 
anipcrc-turns for the remainder of tho magnetic circuit arc neglected 
when calculating the commiiiating-polo ampere-turns, and especially 
for machines designed for overload capacity, practice has sliown that it is 
desirable to increase tho commutating-pole air gap anipcrc-turns from 
1.5 to 2 times. For normal loads, slight over-comnuitation will then 
result, If tho commutating field is found to be too strong, it may be 
reduced by increasing tho commutating-polo air gap length oi’ by moans 
of a shunt across the commutating field winding. 

The ampere-turns per polo for the commutating field winding, 

ATP, - ATP„ + 1.5AaV 
- 5440 + i 5 X 870 
= 6750. 


Tho number of turns per polo for the commutating field coil, 

, ATP. 0750 
ti = — 7 - = 777177 = 5.58; uso 5.5. 


/«. 


J208 


Tho section area of the conductor, for a current density of 13(}() 
amperes per square inch, 

I„ J208 „ 

®’-Z"Soo 

Tlirco stj-ap copper conductors, 0.26 X 1.25 in., wound in parallel, 
will be used. Each conductor has an area of 0.305 sq. in. Tho current 
density for the commutating field winding. 


Ai = 


1208 


3 X 0.305 


= 1320 amperes per sq. in. 





The coil is wouna, as snown m ng. <u, »uiu wiv. 

L, = 2 X 8 + Tr(] 25 + 1.75 + J) + G 0 
= 31,8 in., 



wliore 6 0 in. is allowed for the connection between poles. 

Tlie resistance of the coinnuitating licld wiiiclinp; at 75° 0., 

= ^ HI 8 X 5 5 X 0 X 0 82(1 

’ s, X iO'> 0.915 X 10” 

= 0.00095 ohm 

and the voltage drop, 

laRi = 1208 X 0.00095 =1.15 volts 

or 0 46 per cent of full-load Icrininiil voltage. 

I'lic weight of the conunutating field copi)cr, 

Gi = L,t,j>Si X 0.321 

= 31.8 X 5,5 X 0 X 0.915 X 0.321 
= 308 lb. 

The sketch of Fig. 77 shows the cleai’ance. ))etwoon the seiioa and com- 
mutating field windings in the interpolar space. 


CTTAPTER VTI 


LOSSES, EFFICIENCY, AND TEMPERATURE RISE 
losses to bo Gonsitlerod in diroci-emToni motors and generators 

iiro : 

(1) Cbppor losses in armature and field windings. 

(2) ( 'ore or iron losses in tluj armature tooth and yoke. 

(3) Uriish coniaet (PH) losses. 

(4) l<4old and armature rheostat losses (when present), 

(5) Meeiuinical losses— bearing friction, brush friction, and 

windage. 

In addition to the losses given above, there are tlie indeterminate load 
losses, wliioh may bo of impf>rtanco and which vary with the design 
of the inaclnno, Because there is no satisfactory method available by 
which to (kderjnimi those loss(^s, the Htandards of the AJ.TiJil, recom- 
mend that they ho taken equal to L per cent of the output for direct-cur- 
rent gonorators and motors, except for motors 200 hp, 576 r.p.m, and 
smaller, in which cases they shall be omitted. 

In aceordanco with the Standards of the AJ.H.E., the copper losses 
for all windings are to bo calculated for a temperature of 75° C. for all 
loads. 

Armature Copper Losses. — The resistance of the armature winding 
has been calculated, page 69, (Jhaptor HI. The armature copper loss, 

Wa = la^Ra^ (H8) 

For a gonorator the armature current is equal to the terminal current 
plus the shunt field current, and for a motor it is equal to the terminal 
current minus the sliunt field current. For a motor the armature copper 
losses will then vary with the square of the load, whereas for a generator 
they will not do so because of the shunt field current, which does not 
vary directly with the load. Except for machines for which the shunt 
field current is a largo percentage of the load current, the armature 
copper losses may bo taken as varying with the square of the load for 
both gonorator and motor. 
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I I Commutating Field Copper i.oss. — iiio uuijxijiul/huiu^ 

I ; and the compensating winding, when used, arc connected in series with 

j the armature winding, so that the nrinaturo current flows in the commu- 

I i taring field winding and compensating winding. The resistance of tho 

I I commutating field winding has been calculated, page 114, Chapter VI. 

I ! The copper loss in the coinmutating field winding, 

■j F. = (119) 

■ I and varies with tho square of tho load. 

i I Series Field Copper Loss. — Tho .series field winding is connected in 

i series with tho arinaturc winding and coininulating field winding. For 

I ; the long shunt connection the scries field current is equal to tho arma- 

' j turo current, la, whereas for tho short shunt connection it is e((unl to 

* the lino cuiTcut, /. The series field resialanco was calculated, page 92, 

' ’ Chapter V. The series field copper loss for long shunt, 

I I IF. = Vi?., (120) 

; j and for short shunt, 

I W> = PR.. (120a) 

I ' 

I , Shunt Field Copper Loss. — Tho .shunt field rosistanco was calculated, 

■ ! page 91, Olinptcr V, and tho shunt field copper loss, 

I i F/ = (121) 

I ! 

i ^ AVhon a rheostat is connocfccl in sorios with tho shunt fiolcl winclinpj, tho 

I ; rheostat losses must bo inclucled with tho slnmt field coppor losses, when 

! j calculating tho cffioicncy. For tho long shunt connection tho voltage 

' I across the shunt fiolcl is equal to the terminal voltage, but for tho short 

f ] shunt connoction it is equal to tho terminal voltage plus the drop in tho 

j I sorios fiolcl winding. Tho drop in tlio series field winding is generally 

i \ quite small and for either long or short shunt connoction the shunt field 

j I copper loss plus the rheostat losses, 

i i Wf + IFf i/Si* 

I i 

' Brush Contact Losses. — The brush contact {PR) losses clopond upon 

tho condition of tho commutator and upon tho quality of commutation 
obtained, It is therefore vory difficult to predotormino accurately the 
brush contact {PR) losses. The A.LE.E. Standards rocommcncl that 
2 volts shall be assumed for the drop at the brush contacts, for both 
I .positive and negative brushes, for carbon and graphite brushes with pig-* 

tails attached. A total drop of 3 volts is rocommondocl for brushes witli 




is then, 


W, - 1,2. 
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Core Loss. — Tho iron losses in oloeLric sheet steels consist of the 
hysteresis losses and the eddy curront losses. In rotating electric 
machines, there are, in addition to tho hysteresis and eddy ciUTont losses 
in the laminated armaUtre core, pole face losses that are due to tho flux 
pulsations produced by tho iinnaturo slots, band losses, losses due to 
punching and bonding strains in tho laminations, losses due to imperfect 
insulation between tho laminations (caused by burs or slot filing), and 
losses in the endframes duo to stray fluxes. Since these additional 
losses cannot be easily calculated, the core loss calculations should be 
based upon tho results obtained from tests on similar machines. 

A variety of electric sheet steels are available for tho ariratiiro 
laminations of dirocUcurront machines. Silicon in vstool increases its 
spociflo rosistanco and deercascs the eddy curront loss(hs, but also doci eases 
its pormoaliility for high flux densities; it also makes it non-aging. Sheet 
stool, alloyed with silicon, is more expensive than opon-hoarth si cel, and 
tho cost incrcasoB as tho thickness of tho sheet docroascs. More com- 
plete information on the properties and tesiing of electric sheet steels 
can bo obtained from Thomas Kpoonor’s splendid book.^ Tlic efli- 
cionoy and cost will thoreforo generally determine the kind of steel to bo 
used for tho armature laminations. 

Curves showing tho total loss per pound por cycle, duo to tho fun- 
damental frequency (luxes, are given in tho Appendix foj’ various grades 
of oloctrie sheet stool. Tlioso curves are tho results of tests conducied 
on samples in tho TClootrical l5nginooring Lal)oratories of tho University 
of Minnesota. The standard method of the American Society for Test- 
ing Materials was usocl. 

The iron loss for tho armature teeth and yoke must bo calculated 
separately, booaiiso tho flux densities are not tho samo. For the arma- 
ture yoke, the flux density is assumed to bo uniformly distributed over 
tho section area, and the flux density is calculated as shown on page 66, 
Chapter IV. The frequency of tho flux reversals is calculated by for- 
mula 15. From tlio proper curve in tho Appendix, tho iron loss per 
pound per cycle can bo found which, when multiplied by the weight of 
iron in the armature yoke and frequency, gives tho cove loss in tho 
armature yoke duo to tho fimdamontal frequency flux. 

Tho flux density is not tho same for all sections of tho armature teeth 

^“Properties and Testing of Magnetic Materials,'^ MeGraw-IIill Book Co., 
Now York, 


for thft (lonsity, at a section ^ slot deptli from the minimum tooth widt 
The loss per pound per cycle, talam from the proper curve in the Appo 
dix, multiplied by the weight of iron in tlie armature teeth and the fi 
quency, gives the core loss in the armature tectli, duo to the fundamenl 
frequency fluxes. The sum of the loss in the teeth plus the loss in t 
yoke, calculated as just explained, is the total armature core loss, cl 
to the fundamental frequency fluxes only and does not inclu 
the additional losses. The total armature core loss can bo found ] 
multiplying the sum of the tooth and yoke losses (duo to the fund 
mental frequency flux) by a factor which is gemn’ally equal to from 1 
to 3,5. This factor stiould be determined from tests of similar machin< 
When such data arc not available, 2.5 may ho used. 

Brush Friction Loss. — The brush friction loss depends upon tlie bru 
pressure, the peripheral spevd of the eonimulator, and the coofficioiii 
friction between coniinulator and brush. It may bo calculated appre 
iinatcly by the following formula: 

Wb/ — PSbC/Vc X 0.022G watt, (12 

where P is the brush pressure in pounds per square inch and is genera 
from 1.5 to 2 lb. per sq. in., and C; is the coofliciont of friction and is g{ 
orally from 0.15 to 0.25 for carbon and graphite brushes. Tests on m 
machines show wide variations in brush friction lo.ss, because the coi 
mutator and brushes do not liavo the smooth surfaces that come afi 
continued operation. For this reason, the American Institute h 
adopted conventional values for the brush friction loss, based up 
tests of a large number of machines, which arc to bo used in calculati 
oflicicneics. For carbon, and graphite brushes, the brush friction 1< 
is to be taken as 8 watts per square inch of brush contact per 1000 
per min. peripheral speed, and for metal graphite it is to bo taken af 
watts per square inch of brush contact per 1000 ft. per min. poripho 
speed. 

Friction and Windage Loss. — Like the brush friction, the boari 
friction depends xapon the pressure on the bearing, the poriplxoral spe 
of the shaft at the bearing, and the coofliciont of friction between boari 
and shaft. The bearing friction can be calculated ^ wlion the boari 
dimensions arc known. The windage losses cannot bo oalculatod sc 
aratoly; they doponcl largely upon tlic construction of the armatu 

Gleichstromnnascltine,” Yol. 1, p. G07, Julius iSpringor, Boiiin, n 
'‘Electric Macliino Design/’ by p, 97, McGraw-Hill Book Co , New Yoric. 
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plus all ilio losses. It ia exprcssod as follows; 


cfT, 


Output X 100 

Toutput + W„ +>. + TF. + Wf + Wr\ 
I + Wc + TFj + HV + Wf«. + 17 J 


TAJiLE VH 


C0AriMUTATlN( i-POLU CiENEltATOR EFFICIENCIES 


Kild.vattfl 

Sppcd, 
RpvoluiioiiH 
l)or Winuio 

1 ICnipiomjioH 

Full Load 

} Load 

} Load 

35 

1750 

80.0 

79 5 

78,0 

35 

1150 

70 5 

79 0 

70 0 

12 

nso 

80 0 

8-1 5 

SI 6 

12 

750 

83 0 

82 5 

81.0 

15 

575 

83 0 

83.5 

81 2 

20 

000 

80.0 

80.0 

83,5 

20 

750 

85 1 

81 9 

83.3 

20 

576 

85 5 

85 2 

83 5 

25 

900 

80.7 

80.5 

8'i,7 

25 

760 

80.1 

80.0 

8<i 6 

25 

576 

80.5 

80.6 

81 7 

30 

1150 

88 0 

87 7 

86.0 

30 

760 

87.5 

87 0 

85.8 

30 

575 

87.5 

87,1 

85 0 

50 

1 1150 

80.1 

88 0 

87.3 

fiO 

750 

88. 3 

88.0 

80 4 

75 

1150 

90.2 

89.0 

87.0 

76 

726 

89 6 

89 2 

88.0 

100 

1160 

90.6 

90 2 

88.6 

100 

726 

90.2 

90.0 

88.3 

125 

1000 

91.0 

00 5 

88 8 

125 

726 

90.2 

00.0 

88,1 

150 

1000 

01 0 

90.0 

88,6 

175 

1000 

91.2 

90.3 

88.6 


1 
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will bo a maxiinmn for that load for which t!io sum of iho constant losses 
is equal to the sum of the variable losses. Direct-curront generators 
and motors are designed, whenover possible, to have maximum effi- 
ciency at from | to fulMoad. Usual cflicioncies for 250-volt, compound- 
wound, commutating-polo, direct-ciirronfc generators arc given in Table 
VII. Table VIII gives iho oflicioncics for 230'-volt, coin mutating- polo, 
constant-speed, general piu’poso, direct-current motors. 

TABL15 VIII 


( -ONSTAN'l'-HriOKU D.-C. MoTOU ICFFiriENOlKH 


llaliOd 

1 

IhitGtl Ihilldotul 

EfTieieneios 

Ilorsopowor 

Speed, Uevolu- 
tionapor Alinuto 

4 Loud 

] Loud 

J Loful 

5 

1760 

83 0 

82 0 

77.0 

6 

1160 

82 6 

81.6 

77.0 

6 

860 

80.0 

80 0 

70 0 

10 

1760 

84.0 

83 0 

78 0 

10 

1160 

80.0 

80.0 

81 0 

10 

m 

85 5 

86 0 

81.0 

20 

17fi0 

80 6 

80.0 

81 0 

20 

1160 

■ 88 6 

88.6 

84.0 

20 

860 

88 0 

87.5 

83.0 

30 

1760 

88 0 

88 0 

86,0 

30 

1160 

89 6 

80.6 

86 0 

30 

860 

88.4 

88 2 

86.6 

60 

1760 

90.0 

88.0 

80.0 

60 

1160 

90 1 

90 0 

88 3 

60 

860 

90.6 

90.6 

88 9 

76 

1J60 

01 5 

01 4 

89 9 

76 

860 

91 6 

91.2 

89 7 

100 

1160 

91 4 

91 0 

89.2 


Temperature Rise,— The temperature rise ^ of each of tho various 
parts of continuous or short-time rated clirect-curronfc machines, above 

» A J.E.E. Standards No. 5, July, 1936, p. 8. 






Limiting Tompovaturo Id? 
Hegieoa Ccntignule ♦ 

Item 


Typo of Enelosurc 

Class 0 
rnsiilation 
(Sco Par. 

Class A 
fnsulatinn 
(Sec Par. 
Ci-UA) 

Class 
Insula 
(See 1 
n-in 

1 

Arm ntiiro windings, wirt' 
field winilinga iiiul ull 

AH lypoa oxcojit 
totally enolosod 

:ir) 

m 

70 


windings otimr Umn 2 

'Pol ally cnolosed 

10 

m 

75 

2 

j^ingle layoi* field wind*- 
ingh witli GxpoHcd iin- 
insulated surfneesund 
bare copficr windings 

All tyijcs p\('0])t 
lol.ally cmelost'd 

If) 

00 

HO 


Totally oruilosetl 

Ar^ 

00 

HO 


, Core.s find moelmnieiil 
parts in (jontaet with 
nr adjueent innula- 
i inn . , 

i 

All types nxeopt 
totally enclosed 

:if) 

no 

70 


Totally onelthsed. 

dO 

n.n 

75 

d 

C’ommutators and onl- 
loptor rings \, . , . 

All typ(‘H pxetipt 
iotiilly enclo.sed 

Totally enclosed , 

r»() 

no 

on 

on 

H5 

H5 


Mifiocllnneoiis piirts (sufjh ns brUHli-lioldors, lirushi'M, ]H)Io t.i]).H, ote.) n 
than llioso Avlioso temporatnrea afTect the toinporat.uro nf the insula 
inatorial may attain aueli toinporatures as will not lie injiiriouH. 


^ Tho tomporatwro liruitB oil whirh Iho mHiir of Ronoral purpono inotora ifl tmflwl nro iitulni 
ciiHBioii ni tlio jirPscnL timo Aiul no aftrconiont lino ynl hacii rcunlioil In onlcr limL work I 
(lone in lliiH ronncplian imiy not bo inflnoiiroil or inipnilcd, t)io luBtUiilo vcfraniB from luKlnp 
nnllon at tlio pic«ont llirio lowaidB roMniiig itB tuIpb for this olufis of iimrliincrv. 

t Tlieso bniiH foi Lho loin jio rat iiro rlfio of coin mil tntorfl Aud collnotor vlupH Apply ishoro i 
f), A or II niBulation is oinployc'il in llio oommulAtur, or is ndjiu'oiit tlirinto and He lifn woiil 
alTeotcd hy llio lient from tlio com mutator. It Ib roflogidxod llmt iho heaUtig of llio roiinnii 
caittld correspond to rinB& R ovon if tho clot influlntion wore of (^Iurh (>, on condition tliat the in 
tion of comiooUonfl were not nffcoted by the heating of tlio eoiiiimi tutor, 


the tcmporalinxs of tho cooling moclium, sliall not oxceocl tho values gl 
in Table IX. 

Class 0 insulation consists of cotton, silk, paper, and similar orge 
materials when neither impregnated nor immorsod in oil. 

Class A insulation consists of cotton, silk, paper, and similar orgj 


A O’” 




to coiiducioi\s. 

Class B insulation consists of inorganic materials, such as mica and 
asbestos in built-up form, oonibincd with binding substances. If Class A 
niatcrinl is used in small fiiuintitios in conjunction, for siriictiiral pur- 
l)OHcs only, tlio combined material may bo considered as Glass B, pro- 
vided tiu? electrical and mechanical properties of the insulated winding 
are not impaired by the application of tho temperature permitted for 
(Hass B materials. 

U is tlicnxdoro important that the designer be able to predetermine 
accurately the maxinium ioinperaturc rise for all parts of tho iimchino, 
in order that nuiximiim output for a given amount of material may be 
obtained. Tho temperature rise, however, is not tho limiting factor 
for tlie output, for all maebinos. For reasomiblj'" well ventilated ina- 
ehine.s, comnuilaiion or olliciency, or both, may bo the limiting factor 
rather than temperature. 

Thi) losses in the various parts of electrical maeliiiiciy are converted 
into h(»at, which produces a toinperaturo rise above that of the surround- 
ing air. The value of the final tompcnituro depends upon the heat 
capacity of tho various insulating materials used and upon the rate at 
which the heat is condimted through tho materials to tho cooling medium. 

final tomporature is reached when the boat is dissipated as fast as it 
is generated. The tlieory of the lujat How in electrical machinery has 
l)(H'n given by a number of aul-hors;^ Tho temporaturo rise can bo 
(ltdermimul with roasonabhj accuracy with tho aid of lest data on 
luachinos of similar construction. Tho general formula for tho tom- 


peraturo rise is, 



Armature Temperature Rise . — For armatures up to about 16 in. 


in diameter with axial 
v(uitilating ducts on tho 
inside of tho armature, 
the radiating surface is 
taken as indicated by 
tho (iotUxl lino, Fig. 79, 
and for larger diameters, 



Fig. 79. 


'* “Dio Cdciolisti’oniinnscliino,'^ Vol. 1, 3r(l ed,, p, 006, Julius^ Spriagor, Berlin; 
" lOlcctric Miiohine Dosigii/' by Omy, Chapter Xl, McGraw-IIill Book Go., Now 
York; “'Dio Cooling of ICIor trical Mnehinoa" and bibliogrnidiy, by George E. Buko, 
A.T.E.E, Trans,, Vol. 42, 1023, p. 036; “Tho Thermal Time Constants of Dynamo 
Electric ^riichincs,^* by A, E, IConnelly, A.I.E.E. Trana., Vol, 44, 1923, p. 187. 


as shown in Pig. 80. The cooling surtaco per watt loss lor I'li 
79 is, 

I wD(l + 21) + irDd + - D,^){2 + tu) ^ 

^_] (1 + 0 QQQSlr) J 

Wa 1F„ + 1F. + Ir. ^ 



■S’ 


Kiti. SO. 


and for Fig. 80, 


Wa 


^nDil + 4Q +nD,l + -(7)2 


7) .2) (2 + «„)' 


(1 + O.OOOhlt;) 


Wa + Wo + W, 
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The factor (1 -f O.OOOSlji) is given by Br. Arnold and coinponsal 
for the increased radiating capacity of the armature, duo l.o rotation. 
Tlie toinporaturc rise of the arinaluro. 


V = 
la 


Cc. 


^%/Wa 


clogroes C, 


02 


The value of Cca, the cooling coefliciont, can bo dotorinincd only ] 
test and will not bo the saino for any two machines. In the absence 
accurate tost data, the following values may bo used : 

Cca — B5 to 65 for open typo machines, Fig. 1, Chapter I 

Cca = 6B to 76 for open, type machines, Fig. 16, Chapter I. 

Field Winding Temperature Riseo — The radiating surface for t 
shunt field winding (see Fig, 60), 


S; - 2(df + hf)L^ 


and the surface per watt loss, 


_ 2(d/ + h/)L/p 
W; Wf 


(12 


When ventilated field coils are used, as shown in Fig. 61, Chapter 



cooling surface. 

AVhon the series field winding is wound at either end of the shunt 
field coil or wound of insulated wire on top of the shunt field coil, tho two 
windings may bo trented as one winding and tho combined cooling sur- 
face calculated. The losses for tho calculation of tho surface per watt 
must then be the sum of tho shunt field and series field losses. 

Tho cooling surface for the commutating field winding is calculated 
as explained for tho shunt and series field winding, 

Tho cooling constant for tho field winding depends upon tho insula- 
tion used, tho thickness of tho field coil, the construction of tho machine, 
the tomporaturo of the armature, tho number of commutating polos used, 
etc., and can bo determined only by test. 

For opon-typo machines of tlio typo shown in Fig. 1, Chapter I, 


C,f = too to 120 


and for tho typo shown in li'igs. J G and 18, Chapter I, 
6V/ = 120 to 130. 


ConmiUalor TcmperuUiro Rise . — Tiio cooling surface of tho eoininU' 
Lalor per watt loss, 


A _ ^WcCl + 0. 00051 t>c) 
Wo ~ in + Wif 


(127) 


and tl’.o commutator tomporaturo rise, 


So/Wo 


(128) 


For commutaling-polo machines with no sparking at tho Ijiushcs, 


Coc = 16 to 20. 

When thoro is sparking at tho brushes, it is not possiblo to calculate 
the commutator losses and tho commutator lemporaturo rlso. 

Sample Design: Losses, Efficiency, and Temperature Rise . — Tho 
armature copper losses for full-load, 

F« = la’^Ra = 1208® X 0.00270 
— 4070 watts 


or 1.36 por cont of tho rated output. 


Chapter VI, and the commutating lick! copp(U’ losses for full-load, 

TV, - la^Rt = 12082 X 0 ,00095 
— 1380 watts 

or 0 . 46 per cent of rated output. 

The full-load series field copper loss, 

m = la^Rn - 12082 X 0.000624 
= 910 watts 

or 0 303 per cent of rated output. 

The copper loss for the shunt field, 

]V^ = =. 8.122 X 21.6 

= 1420 watts 

and the shunt field copper loss plus the I'hcostat loss, 

17/+ IT^ - i/J^i - 8.12 X 250 
= 2030 watts 

or 0 077 per cent of rated output. 

Assuming 2 volts drop for positive and negative brusli{\s, the hriish 
contact loss for full-load, 

I 

TFfr =.7c.2 = 1208 X 2 

= 2416 wutla, or 0.805 pnv coni, 

Tho maxitnum and miniimim width of tlio annaliiro tooth have beoii 
calculated (page 71, Chapter IV), and the avomgo tooth width, 

lOt, d” 0.007 d* 0.484 

^ 

= 0.S45 in. 

The weight of the iron in the amiatnro tooth, 

Gel = wia{l — nm,i)kiSd, X 0.278 

= 0,545 (11 - 3 X t) 0.92 X 81 X 1.57 X 0.278 
= 176 lb., 


(lux dcuisity at a sociion -J- slot depth from the minimum tooth width is 
us(‘d to ciilculaio th(3 iron losses in the tooth and is equal to 125 kilo- 
linos (page 72, Clmplor IV). The loss ])er pound per cycle for this 
density is found from the loss curve for open-hearth steel in the Appen- 
dix and is 0.114 watt. Tlio frociiioncy of the flux reversals is 15 cycles 
]K>r see., and the loss in the armature tooth due to the fundamental fre- 
(Iiiency flux, 

Wet - 0 ll'l X 15 X 176 

== 1 110 watts. 

Th(3 w(3ight of th(3 iron in the armature yoke, 

Ocv - llU> - - tuwn)ki X 0.278 

== ^[(2r) ~ 2 X 1 r)7)2 ~ U.()2](U - 3 X 1)0.92 X 0.278 
4. 

= r)0() 11). 

'I'liR flux donsitj' for Iho firmaluro yoke is 7f) kilo-lines (pafto 73, 
flhapfnr IV), ami Uio loss per pound jxiv cyckj is 0,057 waLL. Tlie Jos.s 
ill tiu) nmiiilairo yokn diio l,o Uio fundamoiiLal frequency flux, 

Wc, = 0.057 X '15 X 500 
= I'J'IO wiiUs. 

The lolal core lo.ss (see page 117), 

Wc = (1110 -h 1'1‘10)2.6 
= 6150 watts, 

or 2. 16 per cent of rated output. 

The lirush friction loss will bo calculated in accordanco with the 
A.I.R.IO. rocommendntion, 


Wif - 8 X 6'i X 3.77 

= 1630 watts = 0.6'I3 per cent. 



3000 watts = 1.0 per cent of rated output. 

The stray load losses will bo taken equal to 1 per cent of the oupul 
rating, which is in accordance with the AJ.E.E, Standards, page 115, 
The calculations for the cffieioncy are shown in Table X, and the 
effieioncy curve is shown in Fig. 81. 



Fra, 81. — ^EfTKsioncy of 300-kw., 260- volt, 000-r.p.m. generator. 


^J'ABLE X 



Load 


■ -1 

■I 

1 


Armature copper 

0.26 

1.02 

2,20 

4.07 

0.36 

Stray load 

0 76 

1.60 

2.26 

3 00 

3.76 

Commutating field 

0 00 

0 36 

0.78 

1.38 

2 16 

Scries field 

0.06 

0.23 

0.61 

0.01 

1 42 

Brush PB 

0 61 

1.21 

1.82 

2.42 

3,02 

Slumt-fiGld and rheostat 

2,03 

2.03 

2 03 

2.03 

2.03 

Coro 

6.45 

0.46 

6.46 

0.d6 

0,46 

Brush friction 

1.63 

1.03 

1,03 

1 63 

1.03 

Friction and windage 

3.00 

3.00 

8,00 

3.00 

3.00 

Output 

76.00 

160.00 

226.00 

300.00 

376,00 

Output plus losses 

80,87 

167.42 

246,76 

324.80 

404,80 

Efficiency 

83.60 

89,00 

91.70 

02.30 

02 70 


124a, 


tD{1 + 4?c) -1- irl),l + ~ D^^){2 + lid) (1 + 0 OOOSlt)) 

«a L 4 J 


IFa 


w„ + w, + w. 


j 7rX2r)(Jl + 4 X8.0) + ffX14X 11 + “(252-14. 02){2+3)j 
] (I + 0.00051 X 6900) 


(' ' 4070 + (3450 + 3000 

= 1 04 sq, in. por watt 

and the estimated full-load toniporaturo rise, 

"r ' T - 3f, n® f ‘ 

TK« 

Tho surfaco por wall for tho sliunt field winding has been calculated 
(page 91, Gliaptor V), and the tompcrakiro rise, 

IF, 

The surfaco por watt loss for the commutator for full-load, 

8c -kDcW + O.OOOOtr.) 

We ~ Wt + iiv 

« ^1- X 16 X 14(1 + 0.00051 X 3770) 

2-120 + 1030 

~ = 0 . 607 sq. in. per watt 

and tho full-load tomporaturo rise, 


Tc = 


20 


Oce ^ 

^ “ 0.607 

IKc 


= 39.5° C. 


An assembly drawing of the generator is shown in Fig. 1. 


r 
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DiKiUiO 1 U lUliijiN A A./JUjoUwji'N OJ.J. j. 

Oknekatou 

K\\ 300 VoltH 230-250 Ampa. 1200 R p m flOO 0 

Output oonslant 2,06 X 101 Type Coinpoiiiid- wound Colnmutlltul^'pl^lD 


Outside (l)ntneler 
Iiialde ( 6 i\cnctcr 
Totnl length 
Ducta, imtnher, hUo 
L ciiKtli. t) 875 

Nuisibei ot slots 
Slots per pole 
Type ot wlntlhiB 
Number ot colls 
Turns per coU 
Conductors toluL 
Conduotors pel slot 
Totnl Ilux 

Dhii ibutton constant 
ldu\ per pole 
Condncioi dlinonBloiis 
C’oaduclor aectUnt 
Cur rent density 


2 fi (I 
U 0 
n (I 

NfTectlve, 0 ol 
. «L 
I 3 | 

Simplex lap 

lols 

1 

.. 32 i 

4 

. 48.300 K I, 
0 005 
& 3 f >0 K L. 
0 125 X 0 025 
0l)7m 
2 Q 1 K) 


i:qua -cotin mimbcr, size. 27 - 078 >' CO 
(’oils in SiDtH 

Colts In Imr . . > oo‘i 2 

Onr-li«lf menu ltu*n 

llt'slsttince, 25 ” C . 

lU’Slsiance, 75 ” c; 0 00270 

Sijuaro Inch per wiUL 1 04 

(;al tcmjiornture rine 

Totnl ntnpcro coiuliie torn . 

Ampere oiinduotttrs per Inch 
Anipcre-turnB pot polo 5410 


CO\SHUTATOll AND llRUBlt 


Dlninoler. 

Length 

PcrlpUernl speed 
Number nf imra 
liar nltcli, 

TliloKiiDss of mica 
Vo Us bar nverngo 0 ( 
Number of amis 
Amperes por nrin 
BuihIics per unn , 

Size ol brush 
Current density 
Sou arc Inolies per watt 


. . . . 10 0 
. . HO 
3770 
.102 
.. . 0.31 

0 03 

0 63 Mn\ , 18 8 


. 0 
. 402 

, 8 
0 75 X 1.50 
44 7 
- , 0.607 


Armaturo copper 
Rhnut field copper , 

Series flnld copper 
Cominutatlng llohi copper 
Arinature (celli 
Ariniiluro yoke 


Fui.i.» 1-0 \n Losses 

Friction aiul wltidaBo 
Uruflh frloiion 
Coro 

fitray load 
Armalnre popper 
8huut Acid copper rlico. . . 
Scries Hold copprr , 
CoinmiilAtlng neld copper 
Bnisli con met IVi , . 

Total leases 


Full load RpiBinTANCE diiop 


Armatiiro. . 
Ijorlea Hold 
Comnuitatlng Oekl 
Hrnshes 
Tolnl 

eimut Hold i/C 


3 37-1 35 '’?, 
f> 765 - 0 , 302 % 

1 15 -0 40% 

2 00 -0 ea% 

7 . 275 - 2 . 01 % 

1740 


H—ffgj y. 




♦] yoyze 


■>l V-/.J 


POI.?.s AMP YokB 

Material, Hhect steel 

TJody, (etiKtU nnd width 
Bhi>c, IciiKih and wkllU 
Pole plicii. , 

Porecniagc of polo ninbi ace 

Pole arc , , . .... 

Tol nl air kap letmtb ; 

Material of yoke T! 

oiiiaUlo (Hmnoter of yoke 

Inaido (itnincfcr of yoke 

liOiiBlh of yoke 

MaBneile aeutUm 

WlNblNd Hiip nt I h 

Size of cojiduolor , No. 12 id 3-"; 

(\iiiduetor Bcotlon . 0 dur>l5 3: 

Atnpciea 8 12 

Cijrrem driislly . . . 1675 

Turns per polo ,... 681 

Lonnlh of incnn-ltirii 38 3H I 

Uc^tfifnneo, 2r3” C. 18 I 0 

Ifcslstancc, 75” C, 210 0 

Watts loss . . . . 1420 

Hgtnuo Inches per waft 2 ^1 

Idcld lenkago consiant 

NtAiiNKTic fimcmv 


Maen 
U 023 
ll.OXtli 
II 0 X 81 
13 U) 
06 8 
81 

2 X 0 22 


8 0 X 1 76 
8 0 X 1 76 


. .* ! 

... . uiatHteel 

.. . 18 25 

10.0 

. V . 0 , 26 X 10 0 *=>100 0 

HiUJNT 

Hi'ihiKrt 

( 'UMM 

No. 12 Id 

3 - 210 X 1.0 

3 - 26 X 1 26 

0 00515 

3 X 0 210 

3 X 0 306 

8 12 

12 {>K 

1208 

1675 

18(10 

1320 

681 

1 6 

5 5 

38 3 H 

51 45 

31 8 

18 1 

0 000524 

0 nnOHO 

21 fl 

1420 

2 -13 

0 0011024 

0 01)006 



Sorllun 

DoriBltv 

I.eillfLU 

A*r 

(tap 

Teeth 

A. 5 'eko - . . 

Polo 

l'\ yoke 

Tola! ... , 

804 0 
380 0 
71 4 

loo.o 

.60 0 
125 0 

76 0 
05 4 

04 2 

1 IX() 22 

1 57 

4 70 

8 ?B 

U 80 

‘ 42 .ltt 

825 

ails 

200 

6002 


Series AT per |>oln full-load. .... 
ComiiuitatlnB AT per polo full-load 

COMMUTAS’ION 
Bara covcml by bniBh ... .... 

Commuta-tlttg vsono nt nnnnturo fmrfuco 
Commiilatfug «ono, per cent neutral zone 
Reaetance, voUs., , . 

Dcpalty in cotitmiitnllng polo nlr gap. .... 


Uomarka: 0 014 — Opoiidi earth ateol 


Dcaipned by* J. Tl. Ktihltmnn 


DntoJ 




CHAPTER VIII 


SAMPLE DESIGN 


Sample Design 2: DeMgn of a Condani-Speed^ nirect-Curreni Motor, 
— A ir)-lip,, ll50'-r,pjn., 230- volt, consfcani-spcod, comniiitating~polo, 
dirnet-fiurront motor is to be dosignofl, Tlio motor is to bo of tho gcn- 
onil purpose class, witli dO degrees C* continuous-duty' rating. ''Ilio 
(dllcioncy of tlio motor should not be loss than 87.3 per cent for rated 
load, voRago, and speed. (8co Table VIII, page 121.) 

Tho motor input, 


hpXVIO 15X740 

K„ . . 12,8 Kw 


— XI0>=i|^X I0» = 1I.1. 
n il»0 


From ilio curve of output conalanls, Fig. 22, Olmptor II, 

a = T). I X 10*. 


'I’liiis motor will l)0 dcsignccl with 4 polos, niid 


_K%C2 

Vh(1.5U)3.M) ^ 

= 11.5 to 8.00 ill. 


L2.8 X 5.J X 10* X ‘I 


11.50(1.5 to 3.14) 


Clhooso ftii armature diamclor of 10 in., and 

_ Kw„ C ^ 12,8 X5.1 X 10* 

^ “ Dhi ~ 102 X 1160 

= 5.07; use 6.76 in. 

Tho peripheral speed. 


T])n .3.14X10X1150 
12 " 12 
— 3010 ft. per min. 


131 





/- 


pn 

2 >^00 


4 X 1150 
2 X 60 


38 . 3 cycles per see. 


The pole pitch, 

wD 3 14 X 10 


7.85 m. 


and for-GG per cent pole embrace the pole arc, 

B = 0.66t = 0.66 X 7.85 = 6.18 in. 


The length of the ah’ gap is estiinatccl with the help of the cur 
Fig. 25, anti the polo shoo designed as indicated in Fig. 23, I 
approximate method has been used for making the flux plot, which 
shown in Fig. 82, and tho air gap flux distribution factor, 


/d = 0,671. 


From tho curve, Fig. 20, tho air gap density should bo approximat 
41 kilo-lines per sq. in. Tho total flux, 


nDW„ = 3.14 X 10 X 5.75 X 41 
= 7400 kilo-lines. 


For a motor the no-load induced voltage, wliich is equal to 
terminal voltage, is used in making tho calculations for tho magm 
circuit. 

A simplex wave winding is selected and tho total number of c 
ductors, 

^ Ea X 60 X 10» ^ 230 X 2 X 60 X 10» 

4>,7i/d 7400 X 10'' X 1150 X 0.671 

=» 483. 


Table III, page 39, Chapter III, shows that in order to avoid c 
coils in the armature' winding, 2 or 6 coil sides per slot must be u 
Tho number of conductors per slot must be a multiple of 2, and i 
coil sides per slot are to be used, a multiple of 6, With 6 conductors 
slot, too many slots and commutator bars will bo necessary, therefor 
conductors per slot, witli 2 turns per coil, will bo used. Tho total nun 
of slots, 

AQO 

= ^ =40.3, or40. 


With 39 slots, or 9y slots per pole, it will bo necessary to short chord the 
armature coils f of a slot pitch, which is undesirable for commutating- 
pole machines, or to over chord J of a slot pitch, which should bo avoided 
whenever possible. Forty-onc armature slots, or 10^ slots per polo, will 
therefore probably be most desirable, 





Fig, 82. 




i. 


X lie tirJniLLlUU JtJ LllUltJlUli; OiilljJlL^^Y VVCl^VU VV i 1. 

12 conductors per slot, and 2 turns per coil. 

The back pitch, 


Yi = C. y. + 1 - G X LO + 1 = 61. 
The number of commutator burs, 

JC - 3 X di =- 123 


and 




P t 

Tl)<' front pitch, 

y> = 2r, - r, = 2 X 02 - ci 

= G3. 


Tlio average voltage boLwecni adjacent comniutator bars, 
Tip 230 X 4 


CsfJ 


K 123 
and tho maximum voltage. 


= 7 48 voUh 


■ liFxoik'-'’ - 


The voltage p(4’ turn, 

(tc^ni 2 X I*-! 5 


Ct = 


= 3 02 volts. 


pin X 2 

The fulMoad tcrnunal current, 

hp X 740 15 X 7-16 


I - 


EtXorL 230 X 0.872 
— S6 .8 ampores. 


Tho shunt Mel current is estimaioci at 1.6 amperes, Fig. ^9, and 
7c = 55.8 — 1.6 == 54.2 amperes. 


For a current density of 2200 amperes per sq. in., tho section aroi 
of the armature conductor, 


s« == 




54.2 


Aaa 2200 X 2 


— 0.0123 sq, in. 



coiIh luv. liokl in Uic slot by binding bnnds. From the 
coppfH’ iixhhf n d.c.c, copper ribbon is selected which 
lias the following iiLsulatol dimensions: 0.005 in. X 0.J75 
in. — 0.0120 S(p in. area. The corrected current density, 

, 51.2 

"" 2X0 0]2() "" iiit'Poi'OH porsfi. in. 

TJio dinumsions of tlin slot are iluui, 



CV.i-'-H f 

~\0j? k- 

Fig. 83. 


= (3X 0 095) -h 0.()S5 = 0.370 in. 


(/., = (1 X 0.175) -f- 0.182 = 0.882; uhc 0.88 in. 


These slot, (liiu(!n.sioii.s will bo saLi.sriictot'y if the resulting tooth den- 
sitics do not oxeeecl the liniiLs given in ChapU'r TV. 

The calculations for the length of one-half the menn-turn of the 
avinaturo coil nro (.sco Fig. 60) : 


(I 0.37 -I- 0 10 
0.7()(i 


0.013 


a = 37“ 50' and cos a = 0.79 


L, 


ir(D - (I,) 

f X cos « 

3 M{1() - 0 88) 


‘I X 0.79 
= 17.18 in. 


-j- 25 -|- (Is -)- I 

- 1 - 1 . 6 + 0 . 88 - 1 - 5.76 


'’I'lic resistanco of the armatuix) winding at 75° C., 

LaNr 17 18 X -192 X 0.820 
“ .Vf-X 100 ~ 0.0120 X 22 X i 00 
= 0. 138 ohm 


and tho voltago drop, 

IJis, = 61.2 X 0.138 = 7.^17 volts 

or 3.26 por cent of rated terminal voltago. 

Tho weight of tho armature copper, 

(?„ = 7.J^Sa X 0.321 = 17.18 X 492 X 0.0126 X 0.321 
= 34.11b. 


Tlio QiXiftl ion^tiii 01 wio puio IB itiuitjij umiwi uv/ 




s„ = irDl, == 3.14 X 10 X 5.75 
= 181 sq. in. 

The air gap density, 

t 7270 
s„~ 181 
= 40.2 kilo-lino.s. 

The coefficient, 

h 0 760 

* ” + (j/5) ~ 0.390 + (2.05 X 0. 10) 

= 1.275 

and the amporo-turns jicr polo for the air gap, 

B,dk 40200 X 0. LO X 1.275 

= vir 

= 1600. 

The armatuTO ampere-turns per polio, 

ATP - M := 54.2X492 
‘'~2ap 2X2X4 

= 1670, 

The air gap ampere-turns are thoroforo 95.8 per cent of the armature 
amporo-turns per polo, which is in accordance with the data given on 
page 70. 

The minimum tooth pitch, 

, Tr{D-2(h) 3.14(10-2X0.88) 

i, _ _ _ _ 

= 0.631 in. 

and the minimum width of the armature tooth, 

Wi, => 0.631 - 0,37 = 0.201 in. 

One radial ventilating duct | in. wide will bo uaod in the armature 
core, and the tooth section, 

Sij = wtiil - naW,i)kiS 

= 0.26(5.76 - 1 X^)0.92X41 
= 63.0 sq. in. 





„ <!>, 7270 

\ 53.0 

= 137 . 0 kilo-linos por sq. in. 

The width of the tooth at a point ^ slot depth from the root of the 
tooth, _ I ^2d,) 3.14(10 - 1.33 X 0.88) 


S 

= 0 307 in. 


— w, - 


41 


- 0.37 


ami tho scetion at this point, 

.9,, = 0 307(5.75 - I X 1)0.92 X 41 
== 02.3 sq. in. 

Tho tootli density. 


B,. = 


7270 

62.3 


= 117.0 kilo-linos por sq. in. 


Opon-honrth olcotric shoot stool, 0 . 014 in. thick, will bo used for tho 
arinatui'C laminations, and tho amporo-turns por polo for tho tcotli, 

AT, = aU = 310 X 0.88 
= 273. 

The (lux por polo, 

0,/,, 7270 X 0.071 


<f> = 


p 4 

1220 kilo-lines. 


and 


For tho (lux density in tho arinaturo yoke 06 kilo-linos is assumed 


<l> 


(/- nawu)hB, 


1220 


then 


(6.76 - 1 X ^-)0.92 X 06 

=,3.8 in. 

Tho inside diameter of tho armature, 

Di = 10 - 2 X 0.88 - 3.8 
= '1 .4‘l in.; uso 4.6 in. 


B„a - 


1220 


(6.76 - 1 Xt)0. 92X3. 74 
60 . 0 kilo-linos per sq. in. 


The length ot tno tiiiv pain, 

, {10 - 2 X 0.88 - 0 f) X 3.7-l)7r 

2^4 - 


find iho ampere-turns per polo for the armaiure yoke, 
ATj;fl = = 7 0X2,5 

- 18, 


The main poles will bo built up of opon-hcarth slicot stool puncliings. 
The density must not be chosen too high because tlie commutating polo 
liux passes through tho main poles for machines having one-half as many 
commutating polos as main polos, A density of 85 kilo-lines per s(j. in, 
is assumed and 1.20 is used for the loalcage fad or. If the loiigtli of 
the polo is ctiual to iho armature length, 


then 


1220 X 1 20 
~ hJ3p ~ 5 75 X 85 0 
= 2.99 in.; uso 3 0 in. 

Bp — 84.8 kilo-lines per sq. in. 


Assuming 50 per confc of ilio armature (liamotcr for iho radial length 
of the ])olo, Ip = 5.0 in. and the inside diameter of llio field yoke, 

Dpi = It) -h 2 X 0, 10 -h 2 X 5.0 =■ 20.20 in. 

Use. 20.25 in. an<l 
Ip = 5.025 m. 


The ampero-tuvns for tho polo, 

ATp = silplp = 14 X 5.03 
= 71. 


The field yoke will be cast steel, and a flux density of (SO kilo-Iinc.s 
per sq, in. is assumed. 

A 1220 X 1-20 

- lipf ~ GO 

— 24 , 4 sq. in. 


This motor m to bo of the bracket typo shown in Pigs. 16 and 18, 
Chapter I. The axial length of the yoke is taken equal to 10 in. and the 
thickness, 


dp/ == 


2 - 1.4 


= 2.44. 


10 



Jii»j tlULl 






V 

A 


= 1\. + <hf = 20 25 -1- 2.5 
= 22.75 in. 

The clonsiLy, 

1220 X 1 20 
" 10 X 2 5 


= 68.5 kilo-linns per stp in. 
The length of tho lliix path, 

(20.25 -I- 1.25)jr 


hi- 


2 X-i 


= 8.45 in. 


and tho ainijoro-turns, 

AT„/ = = 14.2 X 8.45 

= 120 . 


The total ampere- turns iwv polo for the fuild winding, 

ATP/ = AT, + AT, -h AT„„ -|- AT,, H- AT,/ 

= lOOO -h 273 -I- 18 -I- 71 -I- 120 
= 2082. 

Tho ratio, 


ATP/ 

An’P„ 


2082 

1670 


2'I5 


which shows tliat tho nssiuned air gap length is siitisfactory (see 
page 79). 

Tlio calculations for tlio open-circuit saturation curve are given in 
Table XI, and the curve plotted from these values is shown in Fig. 8-1 , 
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The shunt field amperc4urns are taken from the open-oircuit eatui 
tion curve, Fig* 84, for 230 volts. 

ATP/ == 2080 ampere-turns. 


Bl 


H 


0.5 1,0 16 2.0 25 3.0 3,5 4.0x/0’ 

Ampere-Turns per' Pole 

Fia. 84. — Opon-circiilt saturation curve. 

The length of the moan-turn for the shunt field coil is calculated as 
explained on page 82, 

L/ = 2 X 5.76 + 2(3 - 2 X 0.12B) -|- ir[0.76 + 2(0.126 + 0.10)] 






V/A^ U4iVJ ijV/4.Xl.lLiULlUX j 

_ ATP/ L/pr _ 2080 X 20.8 X 4 X 0-826 
“ III, X i0« “ 230 X 10« 

= 0 . 000621 sq. in. 

A No. 21 B. & S. gago, s.e.o.o. ooppor wire, with a section area of 
0 . 000638 sq. in., will bo u.socl for the shunt field winding. 

For a ourront density of 1300 amperes per sq. in, 

ij = S/A/ = 0.000638 X 1300 
= 0.83 ampere 


and the number of turns per polo. 


</ = 


ATP/ 2080 




0,83 


= 2500, 


From Fig. 86 the height of tho winding space, hf = 4.25 in. The 
insulated dianiotor of No. 21 
s.c.c.o. wire is 0.0363 in., and . 

Iho number of turns i»r layer \ 

= 120 . 



0,0353 

Using 2l layers of 119 turns each, 
tho turns per polo, 

i/ = 110 X 21 = 2409, 

Tho depth of tho Hold coil, 

= 0.0363 X 21 = 0.741. 

It is therefore not necessary to recalculate tho moan-turn. The 
resi.stanco of tho shunt field winding at 76“ 0., 


Fm. 86. 


12 / = 


Lfifpr 20.8 X 2499 X 4 X 0.826 


s/ X 10® 
270 ohms. 


0.000638 X 10® 


With 230 volts applied to tho shunt field terminals. 


. 230 „ oeo 

= — = 0.862 ampere 
' 270 


and the ainpore-tunis, 

ATP/ == 0.852 X 24.99 - 2130. 

The coppoi' loss in the shunt field winding, 

T7/ = - 0.8522 X 270 

= 196 watts. 

The cooling surface, 

Sf = 2(0.741 d- 4.25)20.8 X 4 
= 830 sq. in. 


and 


_ §5!^ = 4.23 


Wf 196 

which is satisfactory (see page 83). 

The weight of the copper, 

G, = LAfps, X 0.321 = 20.8 X 2499 X 4 X 0.000038 X 0.32 
«42,7 lb. 

The coinnmtalor diameter (see page 100), 

J), = 7.25 in. 

Tlio number of connmitator Imvs, 


and the bar pilch, 


a: = 3 X 41 = J23 

a _ iBt - 3; X 7_25 ^ Q 
^ ~ K 123 

e, -0.185^ -o.» 

For a brush thickuciss of f in., 

^ = 2,03 bars. 

0.186 

The pliaso difiorenco in coimnulalion, 

K 1 N 123 1,,., 

= 0.75 



•o 




w, = (^h + m + (p- = (2.03 + 3 + 0.76 - ~^0 255 

= 1.35 in. 

The wicUh of tlic neutral zone, 

= (I — i^)r = (1 — 0 06)7.86 ~ 2.07 in. 
and the ratio of conumitatiiig zone to neutral zone 


1.35 

2.07 


0.505 


which .shows that the thickneas of brush selected is satisfactory (.sen 
page 08). 

O'he mica is to bo under-cut and a medium bal'd brash is to bn used. 
A currnnt don.sity of 40 ainporcs per sq. in. of brush contact is 
assiunod, and 





2 X 55 
'10 


— 2.75 sq. in. 


The total widtii of all the brushes per arm, 


VbWb — 


A. 

ii„hi 


2.75 

4 X 0.375 


1.83 in. 


A lirnsh 3 in. thick liy ^ in. wide will bo used, with 3 brushes per arm. 
Tho total contact surface, 


,% = 0.625 X 0.375 X 3 X 'I = 2.8t sq. in. 

Tho correct value of tho current donsity at tho brush contact, 
2 X 55 


Ah = 


2.81 


-39.1 ampnres per .sq. in. 


The length of tho commutator, 

Ic = nbiwb + 0 125) + C2 = 3(0.626 + 0. 125) + 0.75 
= 3.0 in. 

The commutating-polo air gap length is cho.son equal to tho length 
of tho main-polo air gap, 

= 0,10 in. 


The width of the comniutating pole, 

ay, = (1.5to2)5f = 1 . 35 - (1.5 to 2)0.10 

= 1.20 to 1.15 in. 

5 1^,. 1^7.86-1.34 to. 

Wi? 1.5ii = 1.6 X 0.766 = 1.15 in. 
ke 

Wi == 1 25 in. 

I 

Z, = = 5.75 in. 

The reactance voltage per coil ia calculated by formula 102, 

ATP« = 1690, p = 4, f, = 2, th = 19.2, m = 3, 6 = 2.( 

= 2.03 + 1 - f = 2.53, = 0 75, 

P 

I =7 5.75, ds = 0.88, w, - 0.37, U = 6.75, h == 0.' 
u), = 1.25, 5{ — 0.10, U = ha — I — 17.18 — 6,7o - 

4.25i- = 4.26 X 5.75^ = 68.0 

Wa 9 . 6 / 


4.66(2J-Ulogio 


2<i — Ws 


2X 0.766 - 0.37 
= 4.66(2 X 6.75 - 6.76) logic 

1.021?^^^ = 1.02 X = 51.6 

8.12is - 8.12 X 11.43 = 93.0 

2 _ -g = 2 7 = 1.836 

A+m-1 2.63 + 3-1 

M = 1.835(68 + 13.3 + 61.6) + 93 = 319 

_ A.TFaiapn, m . 

“ 108 yi + m - 1 

1690X 2 X 4 X 19. -319 

108 2.63 + 3 -1 

= 0 . 648 volt. 



Cr X 60 X 10^ _ 0,548 X 00 X 10^ 

U.«X12 '" 2 X 5.75 X 3010 X 12 

— 7020 lines per sep in. 


The air gap cocfflcionl will bo the same as for the main polo because 
the air gap length is the same. 


and 


k = 1.275 


, B„iS,k 7920 X 0.10 X 1.276 
3.2 “ 3.2 

= 316 ampere-turns. 


The ampere-turns for the iron parts of the magnetic circuit will not 
be calculated separately, but will bo taken care of by increasing the 
commutating-pole air gap ampero-turns (soc page 106). The total 
ampere-turns per commutating pole, 

ATP,- = ATPfl + 2AT„, 

= 1690 + 2 X 316 
= 2322. 


Tho turns per pole, 


ti 


ATPi 

h 


2322 


= 42.-2. 


For a current density of 1200 amperos per sq. in., 


Ig _ 55 

Ai 1200 


0.0458 sq. in. 


A rectangular d.c.c. ribbon with insulated dimensions 0 . 204 X 0.310 
in. and area 0.0507 sq. in, will bo used. 

Tho current density is then, 

55 

^ ~ n AgAw 1085 ampci-os per sq. in. 
u.Uou? 


The height of the winding apace is taken from Fig. 85 and is equal 
to 4 . 5 in. The coil is wound with 3 layers of 14 turns each so that, 


= 3 X 14 = 42 turns. 


ino moaii-turn, 

Li==2 X 5.75 + 2(1.25 - 2 X 0.125) + ?r[0.612 + 2(0.125 + 0.10)] 
= 16 84 ill. 

The resistance of the commutating field winding at 75° C., 

Lj.pr IG 84 X 42 X 2 X 0.826 
^‘"s. X10«“ 0.0607 X 10" 

= 0 0231 olim 

and the voltage drop, 

hR^ = 55 X 0.0231 = 1.27 volts 

or 0 . 552 per cent of the rated terminal voltage. 

The copper loss, 

= 552 X 0.0231 
= 70 watts 


and the cooling surface, 

S. = 2(0.612 + 4 35)16.84 X 2 
= 334 sq. in. 


The cooling surface per watt loss is then, 


it 

Wi 


334 , 

= 4.77 
70 


which shows that the temperature rise of the commutating field winding 
should not be excessive. 

Tlie weight of the commutating field copper, 

G{ = I/.hps. X 0.321 

= 16.84 X 42 X 2 X 0.0507 X 0.321 
= 23.01b. 


The expression for the speed of n direct-current motor is, 
2?ct X 60 X 108 
" 4>iNf„ 

For any given motor, 


n — 



Cl 


a X 60 X 108 

NU 


(129) 



vosistanco drop in the armature, commutating hold, and brush coidacts. 
If the flux remains constant, Lho speed of the motor will drop in direct 
proportion with the induced voltage. The flux does not remain constant, 
however, but is decreased by armature reactioin Tlie fiilUoad speed of 
the motor will be lower than the no-load speed if the voltage drop is 
greater than the decrease in flux, and it will bo liighor tlian the no-load 
speed if the decrease in flux is greater than the voltage drop, Shunt- 
wound, coinmutating-polc motors, which have a large number of arma- 
ture ampore-turns per pole, will often have a higher speed at full-load 
than at no-load. To keep the speed constant on sucli motors, a small 
series field winding, sometimes called a slabilijiing winding, is used. To 
doiermino the effect of armaf-uro reaction, it is convoni('nt to use, in 
formula 129, the voltage induced by the flux I’athcr than frhe flux. 
Formula 129 may then be written, 

n = (130) 

rn 

with El the voltage induced by the armature flux. For commutating- 
polo motors, 'the armature demagnetizing ampore-turns are equal to 
zero because the brushes I'omain in the no-load neutral position. The 
method of determining the ampere-turns rociuired on the main field to 
compensate for the demagnetizing olTect of the armature cross-magnet- 
izing field is given on page 78, and Fig. 8t shows the eonstruciion for 
tliis design, Tlie voltage drop, duo to armature reaction, is e([ual to hi, 
Fig. 84, (fh l)(4ng equal to FF\ 

The voltage induced by the full-load armature flux, 

A’j - 221 volts. 

The voltage drop in armalairo winding, commutating field winding, 
and brush contacts - lO.S, with 2 volts allowcKl for brush contact drop 
and 

E - 219 2 volts, 


The full-load speed of the motor, 


E 


ni - iiQ— = 1150 
Ibi 


219.2 

221 


===: 1140 r.pan. 


A series, or stabilizing, winding will then not bo required. 


The ai’mature copper ios» xor luii-iuiiuj 

Wa - - 56^ X 0,138 

“ 414 watts 

or 3.70 per cent of rated output. 

The full-load copper loss for the commutating field winding, 

If. = 427^^ ^ 552 X 0.231 
- 70 watts 

which is 0,03 per cent of rated output. 

The shunt field copper loss, 

Wf - i/^R/ - 0 852 X 270 

= 196 watts or 1.75 per cent. 

Assuming 2 volts drop for positive and negative brushes, the brush 
contact loss for full-load, 

m - J«2 - 56 X 2 

= 110 watts = 0.983 pci* cent. 

The average armature tooth width, 

Wta = 0.329 
and 

(jet ^ Wia(l 7iiiW(i)]ciSds X 0,278 

= 0.329(5.75 - t X f)0.92 X 41 X 0.88 X 0.278 
= 10.4 lb. 

The armature tooth density at a point J slot depth from the minimum 
tooth width = 117.0 kilo-lines per sq. in,, and the loss per pound per 
cycle for open-hearth steel == 0.126 watt. The frequency of the flux 
reversals is 38.3 cycles per sec,, and the loss in the armature tooth duo to 
the fundamental frequency flux, 

Wci = 0.126 X 16.4 X 38.3 
= 79 watts, 

The weight of the iron in the armature yoke, 

0,y = J(-0 ~ 2d,y - D,2](I ^ nawu)kt X 0.278 



per pound pci’ cycle for opon-lioarfch stool is 0.0-17 watt. The loss in 
the armature yoke clue to the fundamental frequency flux, 

Wcv = 0.0-17 X 51.1 X 38.3 
== 92.5 watts. 

The total core loss (see page 117), 

We = (79 + 92.5)2 6 

= 420 watts = 3 80 per cent. 



0 1/4 % 5/4 % ¥4 

Load 

Fin. 80. — linicioncics of 16-h))., 1160-i’.p.in., 230-volL, constant speed motor. 

The brush friction loss, 

lK(,/== 8X2.81X2.18 

= 49.0 watts = 0 . 437 per cent. 

From the curves of Fig. 78, the friction and windage loss, 

W /,0 ~ 240 watts = 2,1-1 per cent. 

The stray load losses are taken equal to zero, which is in accordance 
with the A.I.E.E. Standards, pago 116. 

The calculations for tho effioionoy ai’o shown in Table XII, and tho 
ofliciency curve is shown in Fig. 86. 



TABLE XII 


1 

2 

4 

i 

dL 

1 

n. 

i 

25 9 

104 0 

233 0 

414 0 

049 0 

4 4 

17 6 

39 5 

70 0 

109 0 

27 5 

66 0 

82 5 

110 0 

137.6 

19G 0 

19fi 0 

100 0 

100 0 

100,0 

426 0 

420 0 

426 0 

420 0 

420. 0 

49 0 

49 0 

49 0 

49 0 

49 0 

240 0 

240 0 

240 0 

240 0 

240 0 

2800 0 

5000 0 

8400.0 

11,200 0 

14,000.0 

3768 8 

0087 6 

' 9000 0 

12,705 0 

15,800 6 

74.20 

83.80 

87 20 

88 40 

88. 6( 


Aimaturc cojjper 
CommutafinR field, . . 
Brush PR 

Sluinfc fieltl 

Coie . . . . . 

Brush fi lot ion . 
Fiiotion and windaj'o. 
Oulinit 

Output plus losses. . , . 
Efiicicnoy . 


The arinaUirc surface per watt loss, 

„ [7rD(Z -|- 2/,) + TrDtl H" ~(D^ — Dt^)(2 + (1 + O.OOOSlv) 


Wa + We 

3.14Xl()(5.75+2X4.4)+5r4.5X6.76+^j(102-4.r)2)(2-t-l) 
(1 + 0 00051 X 3010) 


414 + 42G 

— 2. 18 sq. in. per wait 
and the full-load temperature rise, 

T - — ^ -*32 C 


The surface per watt loss for the commutating field winding (see 
page 146) is 

— = 4.77 sq. in, per watt 
and the temperature rise, 

r, = -^^ = -7^ = 25.2“ 0. 



For the commutator, 


Sc 7rW.(t + 0.00051y«) 

TF. “ W, + IFw 

_ 3.14 X 7 25 X 3.0(1 + 0 00051 X 2180) 
lJO + 49.0 

= 0 907 sq. in. por watt 


Tc = 


20 

0 907 


22.0° C. 


A resistance must always be used in series with the armature of 
direct-current motora when starting. The armature current, 


E,-E 


(131) 


Rg is the resistance of the armature circuit, resistance of armature, 
commutating field, brush contacts, and series field when present, and Rr 
is the resistance of the starting rheostat. 

The starting resistance is generally so designed that the motor will 
start fulHoad, with a starting ciirront not to exceed approximately 150 
per cent of fuIUoad current. Tlio resistance necessary to moot these 
roquiroments can bo calculated by formula 131, 

^ E,^(]il + TgR.)^ 


The starting box for the 15-hp motor is to bo so designed that the 
starting current will not exceed 150 per cent of the fiilHoad current, 
The resistance of the armature circuit, Re = 0.198 ohm. At zero 
speed, the induced voltage, E, is zero, and the resistance that must be 


connected in series with the armature to limit the ciirreni to VoU per cent 
of full-load value, 

230 -- (0 + 82.5 XO 198) 

“ 82.6 
= 2.69 ohms. 

If the motor is starting full-load, tho current will drop to approximately 
the rated value after it has accelerated its load, and the induced voltage, 


i!?= m - Ia(,Rc + Rr) 

= 230 - 55(0.198-1- 2.59) 

= 70.5 volts. 

To increase further the speed of the motor, tho resistance of tho rheostat 
must bo reduced to, 

_ 230- (76.5-1- 82 5 X 0.108) 

~ 82.5 

= 1.66 ohms. 


I 

I 

1 

I 


Tho induced voltage, 

E = 230 - 65(0.198-1- 1.66) 


and 


R'l — 


= 127 . 8 volts 

230 - (127.8 -1-82.5 XO 198) 


82.6 


= 1.01 ohms. 


The calculations are carried out in this manner until tho induced 
voltage is approximately equal to tho terminal voltage. Tho value of 
the resistance for tho first button of the rheostat = R,^ — for 
the second button Br^ — R,^, etc. Tho starting rheostat for this motor 
will have 7 buttons, and tho resistance of each button is as follows: 


Button 


lloaistanco 

OIuhb 

1 

7?rj 

- B,, = 2.69-1.66 

= 0.93 

2 * 


- B,, == 1.66-1.04 

- 0.62 

3 

i7r, 

- Bf, <= 1.04-0.027 

- 0.418 

4 

Jif’^ 

- Bf, = 0.627-0.363 

- 0,274 

5 


- Rrt « 0.353-0.170 

- 0.188 

6 


~R,j = 0.170-0.0479 

- 0.122 

7 


- 0 - 0.0479 - 0 

- 0.0479 


"1 



GENJSnATOU-MOTOK 

Up. 1C Kw . . . . Volta 230 Anipa. 66.2 U.p.m. 1160 Poles 4 

Watta/r.p.m. 11.1 Output ooustnnt 6 2 X 104 Typo Shuiit-wound-CommufcrttliiK polo 


OutaSrlc ClAmotcr 10.0 

IiiflUIo fliomolcr 4 6 

Total loiieth 6.76 

Duota, numlier, eliso 1-*! 

T.ouutfi, gross . . .61 Eilooilvo 4 06 

Numbor of slots 41 

Blots per polo lOi 

Typo oJ wliulliig Blmplo x wave 

Number ot cntls 123 

Turns per coU 2 

ComUiotnrs total 402 

Comliiolors per Blot . 12 

Total nu'c 7270 K.I^. 

Distribution constant, . . , 0,071 

Flu\ per polo . , , , ... 1220 K L. 

C'oiuluwtor (llmenslona., 0,096x0 176 
Conduolor Hcoilon, . 0,0120 

Current (IcnBlty. 2200 

Eqtm.-oann, number. aizo .... Nona 

Colls III slots. 1 niul 1 1 

Colls In bar 1 and 03 

Oiic-balf iiican-turii 17.18 

RcMstnneo, 20® C 0,110 

Resistance. 76® C 0 138 

Sflimro hinb per watt 2.72 

Cal. tompcraturo rlso 26,8 

Total ampere conduotora . . 13,370 0 

Ampero oonduetors per Incli. . . . 420.0 
AmperotumB per polo 1000 

Commutator and Rntian 

Diameter 7.26 

Length .. 8.00 

perlpbernl speed 2180 

Numbor of bars. . 123 

unr pitch . . ... 0^186 

TliloKncsa of mica 0.03 

Volta bar nvorngo. , 7.48 Max,, 14,r 

Number ol arma 4.f 

Ainperc-s per arm 27.i 

Iiruflhca per arm a 

81ze of bniali (X I 

Current tlcnalty BO I 

Stiuaro Inobca per watt... 0.007 

WBianra 

Armature copper 34.1 

Bhunt Hold copper 42.7 

Borlca flolcl copjnor 

Comimilating flold copper 28 0 

Armature teeth 10.4 

Armature yoke 61.4 


FULii Load Lossks 

Friction and wlntlago 240.0 

40.0 


FuM< Load Resistance Drop 

Armature 7.6 -3.26% 

Berics Held . , .... 

CnmmulatJng Held. ... 1 26 -0 646% 

Tiruahes 2.00 -0.870% 

Total 10 76 - 4 07% 

Blumt Ocld in 230 


\^—076S-^ 



Poles and yokh 


Maiorlnl. , 

Rody, lonatu and width. , . , 

ahoe. length and width 

Polo pUefi 

Porcontago of polo ombrnco. 

Polo arc... 

Total ale gap Irtiglh 

MatodalTif yoke i . . , . . , 
Outside dlamotcr of yoko, , , , 
Inside dlamotcr of yoko, , . . , 

Length of yoko ’ 

Magnctlo section 


Main 


Hheot stool 
6 76X8.0 
6 76X6.18 

00 0 
„6 18 
2X0 10 


Comm. 


Bhcol Bteel 
6 76X1.26 
6.76X1.26 


2X0 10 


Caat a tool 

22.76 

20.26 

. . 10 0 
2X 12.6 »< 26.0 


Bfinaro Inohcs per wntt.l 4 23 




leUl leakage conatant. 


4 77 


Volta, 230 


MAdNETlO ClUCUlT 

RtP.in., 1160 


C7oro 

Btray load 

.. 420.0 
! *414.6 

(lap 

HeotUm 

18t.O 

Density 

40,2 

I.eimth 

1,276X0.10 

AT 

Blumt Onld copper + rheo... , 

Bcrlra Ocld cop nor. , 

Comnuiiatlng flold copper. , 

RruHh contact lUi 

Total loaaea 

,. 100.0 

1 ; ' illi'S 
. 1606.0 

Teeth 

A, yoko 

Pole 

F. yoko 

Total 

02.3 

ja.fi 

17 26 
26.00 

117,0 

68.6 

0.88 

2.fi0 

6,026 

8.46 

273 

18 

71 

120 

2082 


Borles AT per pnlo fuiLload 

Commutating AT per polo fulMoad 2302 

Commutation 

Rara covered by bruah 2.03 

<;omimitatlug zone at armature aurfaco 1.36 

Commutating aouo, per cent uoutral anno 60 5 

Rcaotanco volta 0.648 

Density lit commnlating polo air gap 7.02 K.L. 


Remarks ; 0.01 4 — Opoii-hcartii atcc) 


Designed by; J. //. Kuhltnann 


Date: 



II— Synchronous Machines 


CHAPTER IX 
CONSTRUCTION 

Tiibrb am two typos of synchronous machines in gonoral use today, 
the salient-polo machine and the noiKsalient-polo machine. The 
saliont-polo type is used for generators and motoi‘s of largo and small 
capacities of liigh and very slow speeds, The non-salicnt-polo type is 
used for mcdiuni and very largo capacity generators for high spocds. 
The latter t 3 ''po is generally known as the turbo-goncrator. Figure 87 
is an assembly drawing of a non-saliont-polc typo of gonoratov and sliows 
the typo of construction in general use. An assembly drawing of a 
small horizontal saiient-polo machine is shown in Fig. 88. A vortical 
tj'^pe salient-polo machine is shown in Fig. 89, 

Armature, — Modern synchronous machines are of tlie revolving-field 
typo, that is, the armature is the stationary member and the field rotates. 
The armature core is built up of sheet-stool laminations, generally from 
O.OM to 0.0188 in. thick. The laminations are punched out and care- 
fully annealed to remove shearing and punching strains. They are 
then coaled with an insulating varnish in the manner described for tlio 
armature punchings of direct-ciUTont machines, page 3. The insulated 
pimchings are next assembled in the armature frame on keys riveted to 
the frame or in dove-tailod grooves millccl into ribs of the frame. Because 
the armature diameters are usually rather largo for all synchronous 
machines, the laminations are generally punched in segments. The 
number of segments per circle will depend upon the number of slots, 
the method of punching, etc. For large-capacity machines, the number 
of segments per circle must bo so chosen that no shaft currents will bo 
produced.^ One segment with spoWcklcd tooth supports or duct 
spacers is shown in Fig. 90. 

^ ^'Die WcelisGlstromtcclinik,’^ J>y E, Arnold and J, L. LaCour, Vol. 4, 2nd cd., 
p. 509, Julius Springer, Borlin; ^^Sliafb Currents in Electrical Machines/^ by P, L. 
Alger and TI. W. Samson, Trans. A, I,E.B.,Vol, 43, 1024, p, 236; "Bearing Currents,^' 
by E. G. Merrick, General Elcctrio Poview, Vol. 17, Oct., 1014, p. 936; "Bearing 
Currents — ^Their Origin and Prevention, by G. T. Pearce, Electric Journal, Vol, 24, 
Aug., 1927, p. 374. 
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The core is clamped between two follower rings, which are held in 
place by a key, as shown in Fig. 88, or by long bolts passing through the 
frame back of the armature core, as shown in Figs. 87 and 89. The 
teeth are supported by a finger, or tooth support, which extends from the 
top of the tooth to the inside of the armature core. This tooth support 
is generally a piece of rolled steel, spot-welded to the last lamination 
(Fig. 90). 

The length of the armature core must be divided into small sections 



Fig. 88. — Assombly drawing of 116-hp,, 1200-r.p,m,, bracket- type synchronous 

motor, 

by radial ventilating ducts, to insure proper ventilation of all parts of the 
armature. Those ducts arc usually f in, wide for small and medium-sizo 
machines, and ^ in. for largo machines, The distance between centers of 
ducts should not exceed 3 in, The ventilating duct spacer is generally 
a rolled-steel piece of I-beam or T section, and like the tpoth support is 
spot-welded to one punching (Fig. 90), 

American practice favors the open typo of armature slot for syn- 
chronous machines, with the two-layer typo of winding. The armature 
coils arc so formed that one side will bo in the top of one slot and the 


U UllOX 41X UIXVj Ov; 


rx UlAl^X OAV^V, «p|JlJlV/^V^lI.l£I,LCi^ Cl lJUliJ |Ji,t1u.H 

away. The coils ai-e completely insulated before they are placed into the 
slots. 

The method of placing the armature coils into the slots is clearly 



Fig. 89. — ^Vortical watorwheol-driven generator with direct connected exciter — 
30,000 kva, 300 r.p.ra,, 24 poles, 11,000 volts, 


shown in Fig. 91, which is a portion of a partly wound armature for a 
small-capacity, slow-speed macliine. For turbo-generators, the arma- 
ture coil end-connections are veiy long and the coils must be supported 



. P»v«n. o. 

Figure 92 sliows^J^itlj^____^ , 



^ ■ “' f with spot-woWed tooth supports. 

Fio.aO.-Onc segment w>Ur spot 

*0,v. tu= .»0.ho;| 0. 





ICiG. 01.— rOTOUxx^.. .. 



The armature frame is either of cast iron or built up of woklccl rolled 
steel.® 



Tig. 92. — Partly wound turbo-gonorntor armaturc~26,000 leva, 1800 r.p.m,, 

13,200 volts. 


Field: Non-Salienl-Pole Machines . — For largo machines the rotor is 
often a solid steel forging with slots milled into it for the field winding. 
A completely machined, forged-steel rotor, without the field winding, for 
a l2,C00-lcva, turbine generator is shown in Fig. 9-1 . For small machines, 

’ Gonornl Eloolrio Itoviow, July, 1927, Vol. 30, p. 330. 



iiitj rotor IS 01 ten Duiic up ot siieot-Bteol punelungs assembled on the 
shaft. Figure 95 shows a detail drawing of a rotor punching for a 375- 
kva, 2-poIe turbine generator. 




Fig, 94. — Completely machined rotor without winding for 12,600-kva turbo- 
generator. 


The field winding is built up of bare ribbon copper, with mica insula- 
tion between turns and between field core and coils. The method of 



Fia. 90. — MoUiod of placing field coils into slots of turbo-rotor, 


slots, The ond- connections of the field windings are insulated with 
mica tapo and covered with aluminum saddles, as shown in Fig. 97. 

p 











the aluminum-covered end-connections, as shown in Fig. 87. 

Salieni-Fole Machines , — ^Tho field poles of salient-pole machines are 
built up of sheet^steel punchings riveted together. Tlie thickness of the 
sheet used is generally 0.019 to 0.050 in. The poles are either bolted or 
keyed to the field spider. Figure 98 shows a number of pole punchings 
and illustrates the methods used to fasten the field polos to the spider. 
The holes near the surface of the polo shoe are for the squirrel cage 
starting winding for synchronous motors. 



Fra. 102. — Spider built up of i-in. steel plate punoliings for 83,000-kvft, 300- 

r.p.m., vortical typo generator. 

The field windings aro wound cither with cl.c.c. copper wire or with 
bare copper strap wound on edge. A bare polo, insiilaloci polo, and 
wound pole for a d.c.c, copper wire field winding are shown in Fig. 99. 
Figure 100 shows the same details but for a strap copper iiolcl winding. 

Spider. — The spider, on which the field polos aro mounlocl, is either 
of cast iron, cast steel, rolled steel, or built up of steel plates. The rim 
of the spider must carry the flux whioli passes between polos and must 
therefore have a high permeability besides good mechanical strength. 
It is, as a rule, difiioult to get uniform steel castings, free from flaws, and 
for that reason rolled steel or built-up spider rims arc preferred. A 
spider with castrsteel hub and arms but with rim built up of |-in. stool 
plate is shown in Fig. 101. The complete spicier for a 30,000-kva, 
360-r.p.m., 20-pole generator built up of punched stool plates, is shown 







CHAPTER X 


VOLTAGE FORMULA AND OUTPUT EQUATION 

Voltage Formula. — The effective value of the voltage induced in ea( 
pluisc of a winding with one slot per pole and phase with pitch coils 
givou by the equation : 

E = 4//6W0 X 10"^ volts. 

Armature windings of synchronous machines always have more tlu 
one slot per pole per phase. The voltages induced in the coils per po 
and phase lying in adjacent slots are then not in phase and cannot 1 
added algebraically but must be added vocto^il 3 ^ The ratio of llie vc 
tor sum to the algebraic sum is called the winding distribution facto 
/w. The two sides of tlie coils are not always placed in slots a poh^ pitc 
or 180 electrical degrees apart but are often chorded one or more slot 
The voltage inchicod in one coil of the armature winding is proportion 
to the sine of the half-angle, in electrical degrees, which it sul^fcend 
The sine of the half-angle in electrical degrees embraced by a coil 
called the pitch factor or chord factor, /c. 

The general formula for the offoctivc value of the iinlueed yolta^ 
per phase is then : 

E = X 10"^ volhs. (13! 

Just as for dircct-ciiiTont machines, it is often convenient to use tl 
h 3 ^pothetical total flux instead of the (lux per polo (sec page 14), Tl 
hypothetical total flux, 

^ linos. 

Ex 10 ^ 

V/l/r/wW 

Ep X 10« 

It is generally more convonioni to u.so conductors in series per pliai 

lOfi 


From formula 132, 


ct>t - 


0 = 


and 


(bt ~ 


frequency. 


N 


•' 2 X (30 

Making those substitutions, 

E X (iO X i08, 

“ niy/.UJa 

Tho form factor /&, winding distribution factor /,y, and flux distribu- 
tion factor depend only upon the nuinbor of slots and the shape of tlie 
air gap flux distribution curve and arc not afloctod by changes in th(' 
number of conductors per phase or tho coil throw. These) factors can 
therefore bo combined into one factor, called tho winding constant, 

C,o - ftjuju (138) 

, ixroxw.. 


(Output Equation. — Eor altornaling-cim’oiiL niachiiioj'y, tiie tc'riiiinal 
current 1 is ecjual to tlio iinnaluro current 'J’iu! armature output for 
a 3-pliaso generator c.\pre.ss(Hl in kiiovolt-anipores is, 

Kva = Elm X 10-^. (135) 

From to, mull. ™, p _ 


Substituting into cejuation 135, 
Kva = 


fi]T }n^ 

GO X 10" 


Tlio hypothetical total flux may bo expressed in terms of tho gap 
area times tho air gap density, 

(j,, = vDlIit, 

If Q equals tho amporo conductors per inch of armature circuinfer- 
cnco, then 

’ INfcin = irDQ 

irDlB„7inDQC„ 

GOXiOJ* 

or 

Pnn ^ C.03 X 10“ . 

Kva CMBo ' ^ 



has been shown for the dircct-cuiTcnt machine, page 16, the tootli den- 
sity is directly proportional to the air gap density. For high-voltage 
machines, it will therefore bo necessary to use a lower air gap density 
than for low-voltage machines, because of the greater amount of slot 
space required for insulation. A high air gap density will lead to high 
densities in the magnetic circuit and high armature tooth losses. Too 
low an air gap density will, of course, lead to an tmoconomical use of the 
magnetic circuit. The density for the air gap for 60-cycle synchronous 
machines will generally lie between the limits: 


Bg “ 35,000 to 55,000 lines per sq. in. 

When beginning a design of a motor or generator, an air gap density 
of 43,000 lines per sq. in. is generally a satisfactory value to assume. 
For frequencies below 60 cycles per sec., the above values may be 
increased slightly. For 25-oycle machines, the values of Eg given above 
may generally bo increased from 10 to 15 per cent. 

The ampere conductors per inch of armature oircumfercnco deter- 
mine armature reaction and, for a given typo of construction, they deter- 
mine the armature temperature rise, A largo value of Q leads to a Ihgh 
leakage reactance and to a large value of armature cross and demagnet- 
izing ampere- turns. Since the voltage regulation of a generator depends 
upon armature reaction, it follows that low values of Q must be used 
when good voltage regulation is desired. Modern power systems arc 
generally operated with some form of automatic voltage regulator and 
only reasonably good regulation is required. Also, generators designed 
for very good regulation arc sensitive to rapid load changes and arc dif- 
ficult to operate in parallel with other machines. For well- designed 
synchronous generators the voltage regulation is about 20 to 26 per cent, 
at 100 per cent power factor. The curves, Fig. 104, give average values 
of Q for 60-Gyclc synchronous generators for voltages of 3000 volts and I 
less. For higher voltages, lower values of Q must bo used; for frequen- 
cies below 60 cycles per see. they may bo increased. 

For synchronous motors, the ampere conductors per inch of arma- 
ture circumference given in Fig. 104 may be increased from 10 to 16 per 
cent. 

By substituting average values for Cu,, Q, and 5^, equation 136 


becomes, 


BHn 

Kto 


= ( 7 * 


( 137 ) 


C = 


6.08 X IQi' 


CwQEg 
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Fiq. 104 — Ampere eoncliiotora per inch of armaUiro fjap circurnforoneo for GO-cyelo 
synolu'onous machines for 3000 volts and below. 




In formula 137, Kva is Lhc armaturo kilovoH-anipcro output. 
SincG the annaturo resistance drop is only a very small porcentago of the 


mammaT 
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Pig, 106, — Approximate output constant 60-oycle, snliont-polo, synchronous 
machines, 3000 volts and below 


terminal voltage for synchronous machines, the rated Kva output may 
bo used in this formula for a generator, For a synchronous motor the 
Kva input may bo used. 





V cui\j. yriWi uxiv^ uuu£jui/ LrUJ.ii3i>UjiiLi iviiUWHj 

the prochict, D% can be easi^^ calculated by formula 137. Either the 
diameter or the length may be assumed and the other dimension calcu- 
lated. 

For high-speed machines, the diameter may be limited by the periph- 
eral speed. For synchronous machines, peripheral velocities as high as 
safe mechanical construction will permit may bo used. Peripheral 
speeds of 20,000 to 25,000 ft. per min. are commonly employed for turbo- 
generators. For salicnt-polc machines the peripheral speed is generally 
much lower, but values as high as 12,000 to 15,000 ft. per min. are 
possible. 

The ratio of armature length to pole pitch is generally about as 
follows; 

“ = 0 80 to 2.5. 


The small values apply to small-capacity machines and the large values 
to the large capacities. For largc-capacity turbo-generators larger 
values than given above may be re(iuired, to avoid excessive pcriplieral 
speeds. 

The polo pilch, 

^ wD 

V 

-= (0.80 to 2.6) 
r 

I = —(0.80 (,o2.5). 

V 


Substituting this exproasion for I into equation 137, 

C>i£(0.80to2.6).5^V 

V n 


or 


D 


4 . 


Kvil p C 


7r(0.80 to 2. 5) /I 


(138) 


The values of the ratio armature length to pole pitch arc not intended 
to give the Hints for the armature dimensions, but arc intended primarily 
to help the beginner to choose suitable armature dimensions. When in 
doubt as to the most suitable armature diameter and length for a given 
Kva and speed, the only satisfactory method is to make preliminary 
calculations for two or more machines with different di^nensions and 


cnoose tne one tnat) win give gooa operaLing cnumctensiiics lor a reason- 
able cost of construction. 

Design of Pole Shoe. — The sliapo of the air gap flux distribution 
curve depends upon the shape of the pole shoe and the per cent polo 
embrace, The harmonics present in the voltage wave of synchronous 
machines depend largely upon the flux distribution in the air gap. 
There arc also liarmonics present in the voltage wave produced by tho 
pulsations of the air gap flux caused by the armatiiio slots. A flux dis- 
tribution curve which decreases gradually to zero on the center lino 
between two poles can be obtained by gradually increasing tho air gap 
from the center or near tho center of tho pole to tho pole tips. Poles 
not carefuly beveled at tho pole tips with a largo per cent pole embrace 
may lead to magnetic noises. This is not tho only cause of noiso in 
synclironoiis machines; the number of armature slots per pole or per polo 
arc has an important olToct upon tho noiso, 
as will bo discussed later. 

Tho per cent polo ombraco for syn- 
chronous machines is generally from 05 to 
75. In goncral, 70 to 72 per cent polo om- 
braco is mosti satisfactory for both gonorators 
and motors; higher values load to excessive 
field leakage. For synchronous motors with 
heavy polo shoos to accommodnio tho scpiiiToI 
cage starting winding, it may sometimes bo 
necessary to use tho lower value of per cent 
polo ombraco, to avoid oxcessivo field leak- 
age. 

A satisfactory air gap flux distribution curve is generally obtained 
when tho polo shoo is shaped ns indicated in Fig, 106. For generators 
inquiring no damper winding in tho pole faces, tlio tip of tho polo may 
be rounded off, as shown by tho full lino, Fig, 100, For synchronous 
motors and generators with damper windings, a heavier polo Up is gen- 
erally rociiiirod. A larger radius can then bo used to round off the tip, 
or the tip may be shaped as indicated by the dotted lino, Fig. 100, 

Construction of No-load Field Form. — ^Tho flux distribution curve in 
tho air gap of synchronous machines is dorivod from tho flux plot in 
exactly tho same way as dosoribed for dircct-ourront machines (page 22). 
The air gap length can bo estimated with the help of tho curves, Fig. 107, 
which give average values of air-gap length for salient-pole, synchronous 
machines. For tho flux plot, a full-scale drawing should bo made of one- 
half of the polo shoo, with proper air gap clearance between pole and 
armature surface, To obtain tho flux distribution on tho armature sur- 



face, the space between pole face and armatiiro must be divided into 
approximately equal squares by flux and cquipotontial lines. TJic^ 
method of plotting magnetic fields, with practical applications to salitmt- 
pole s 3 nichronoiis^ machines, is well explained in thrc(3 oxcelkmt papiu\s 
presented at the^vinter convention of the A.T.E.E.^ 

The flux plot for a 2500-kva, 225“r.p,in* sample generator design \h 
shown in Fig. 108. From this flux plot, the air-gap flux distribution 
curve shown in Fig. 109 is obtained, in the manner described on page 2-1 , 
For some purposes, the approximate method of mapping the magnetic 
field, described on page 25, is sufficiently accurate. 



When making the flux plot, the armature is assumed to bo a smooth 
surface. Open armature slots produce deep notches in the lop of Um 
field form, as shown in Pig. 110, which is the no-load air gap flux distri- 
bution cuiwe of a 55-hp, 1200-r,p,in. synchronous motor; taken with an 
oscillograph. 

Flux Distribution Factor and Form Factor.— The ratio of the area 
under the flux distribution curve to the ai’ca of a rectangle with same baso 
and maximum ordinate is called the air gap flux distribution factor. 
Tills factor can be found by either of the two methods given on page 20, 
or by analyzing the flux wave by the Fourier Series. The calculations 
for the analysis of the field form are made as shown in Tabic XIII, which 

Fields » presontod at winter oonvon- 
tion, A.I.E.E., New York City, Fob. 7-11, 1927. 
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are for the flux wave shown in Fig. 109. The flux distribution curve is 
plotted with abscissas in electrical degrees, the ordinates etc,, 



Pia. 109.— Air gap flux distribution curvo for 2600-kva, 226-r.p,m., 32-polo 

gonerntor. 



Fio. 110,— Air gap flux distribution curve of 66-hp,, 1200-r.p,m., synchronous motor. 

being read for every 7.6 electrical degrees. Since the flux distribution 
curve is symmetrical about the center lino of the polo, tho oven har- 


luuiilua til up uui. inu equiiuons lov ljiu luiiuuniunuu, iiiiiu, luui, tuui 
seventh harmonies then are, 

Bi = sin 7.5“ + B,,, sin 15“ + ... 4- sin 90“) 

Ba = sin 22 5“ + B,„ sin 46“ + . . . + hBs„ sin 3 X 90“) 

Ba = h{B.„ sin 37 5“ + i?,,„ sin 75“ + . . . + sin 5 X 9(J“) 

B 7 = sin 52.5“ + sin 105“ + . . . + hB., sin 7 X 90“) 

.lOos 


B, - 

Ba = 


6 

-2.37 

6 

-56. .50 
6 


-0.40 

-9.41 


-9.25 

B7 = —^ =-1.64 

Bx == Si sin a: + sin 3a; + Bs sin 5x + Br sin 7x. 


The (lux wttvo, fundamental, third, fifth, and sovontli liai’inonics 



Fia. 111.— Air gap flux wave, fundamental, third, fifth and soventli harmoinna for 
2600-kva., 22B-r.i).m. generator. 



The average value, effective value, and maximum value of the flux 
wave are calculated from the equation for as follows; 

B, = - \bJx = -(5i + iBs + + W 

ttJq tt 

- -(106.8 - ^0.40 - -9.41 - h 64) 

TT 3 5 7 

= 66 6 

Be = = VUBi^ + Ba^ + Bs^ + Bj^) 

= (108.82 + 0.40^ + 9.412 + 1.642) 

= 76.8 

Bm — Bx^ — 100 


The flux distribution factor, 



60.6 

100 


= 0.606. 


The value of f,i, calculated by the method explained on page 26, is 
0.867, which cheeks the value found by the method given above. 

The form factor of the flux wave has been defined as the ratio of tho 
effective or root-mean-squaro ordinate to the average ordinate. From 
the analysis of the flux wave, tho effective and average values are calcu- 
lated as shown above: 


^ 75.8 

Ba 66.6 


1.14. 


The root-mean-sqiiare ordinate can be calculated also from the flux 
distribution curve, by dividing the base line into a number of equal 
divisions. The square of the moan ordinate of each division divided 
by tho number of ordinates gives tho mean-square ordinate. The square 
root of the mean-square ordinate is tho root-mean-square or effcotivo 
ordinate. 

By properly choosing the per cent polo embrace and tho bevel of 
tho pole tips, a flux wave with small harmonics can bo obtained. Sev- 
eral flux plots were made for the sample design. The dimensions of the 


accompanying table. 


TABLE XIV 


Polo Arc, 
Por Cent. 

6 


X 

Maximum 

Fumla- 

luental 

Maximum 

Tliircl 

Maximum 

riftli 

Maximum 

Huvonih 

71 3 

0 300 

1 005=0.023 

0 2Mr =2 10 

112 50 

+8 05 

-7 17 

-4 28 

70 0 

0.‘100 

1.025=0.000 

0 I87r=l 83 

110.01 

-f'5 22 

-7 25 

-2 32 

08 75 

0 ‘iflO 

1.775=0 720 

0 185r=l 813 

108 .'50 

+2 23 

-0.53 

-3 08 

08 75 

0 ‘100 

2 005=0 813 

0 185r«l 813 

101.80 

-2 30 

1 -10.02 

-i-0 450 

08.75 

0.400 

1 855=0 75 

0 174r«»l 71 

100 80 

-0 10 

-0.41 

-1,54 


In the A.T.E.E. paper ^ referrod to above, Mi\ 11, W. Wicsoman luA 
given a sot of curves from which the maximum value of the third har- 
monic in per cent of the fundamental can bo found when the dimensions 
of the pole shoe and the per cent pole embrace arc known. These curves 
apply to a polo shoe beveled from the center of the polo instead of J^rom 
a point at a distance x from the center of the polo, as shown in Figl 100. 

Sample Design; Diameter and Length . — A 2600-Kva, 226-r,p.m,, 
a-phasc, 60-cyclo, 2^1 00-volt, salient-pole, synchronous generator is to 
bo designed. The generator is to bo of the vortical, watorvvhool typo and 
is to have an ofRoiency at full-load, 100 per cent power factor, rated 
speed, and voltage not less than 95.6 per cent, The ofiicionoy is to bo 
calculated from the losses in accordance with the A.I.E.IC. Standards. 
The temperature rise of no part of the machine shall exceed 60 degrees C. 
when operating continuously at rated load, voltage, and speed, 

Kva 2500 . 

— r == — 11 . t 

11 226 

The output constant is taken from the curve, Fig. 105. 

<7 - 1.01 X lO'^. 

The number of poles, 

/ X 2 X 00 60 X 2 X 00 

^ n 225 

= 32. 

^ '^Graphical Determination of Magnetic EiolclS'— Practical Applications to Salient 
l^ole Synchronous Machine Design,*’ A.I.E.E. Journal, Vol. 40, May, 1927, p. 433. 



as given in Tabic XV. Tlio calculations foi’ l(r == 2.0 are as follows: 

a f KvapC _ a fesOO X 32 X 1.61 X 
"V X 2 X » 3. 14 X 2 X 225 

= 96 9 ill. 


Kva(7 _ 2500 X 1 61 X 
~ nZ>3 " 225 X 96.02 

= 19.1 in. 


irD TT X 96 9 
V " 32 


9 . 52 in. 


For other values of l/r, the dimensions are as given in the following 
table: 


TABLE XV 


l/r 

D 

1 

T 

1,00 

123 0 

12 0 

12.0 

1 50 

100 5 

16.8 

10 46 

1 75 

101 0 

17 5 

9.02 

2.00 

06.9 

19.1 

9.50 

2 25 

93 0 

20.7 

9.13 


For this design, the following dimensions arc selected: 
D = 100 in. and f = 17.5 m. 


The pole pitch, 

ttD 3.14 X 100 
^ ~ V ~ 32 


9 . 82 in. 


The per cent pole embrace is made 68.75 per cent (soo page 171); 
and the pole arc, 

= 0 6875 X 9.82 = 6.76 in. 

The length of air gap is estimated at 0.406 in. (see curves Fig. 107). 
The flux plot is shown in Fig. 108 and the flux distribution curve in Fig. 
109. The flux distribution factor and form factor have been calculated 
on page 176 and are: 

fi « 0.666 and fi = 1.14. 



CHAPTER XI 


ARMATURE WINDING AND INSULATION 


TiiR armature windings used for modem synchronous machines arc: 


1. Chain windings. 

2. Double-layer windings. 


Chain Windings, — Chain windings have only one coil side per slot, 
and the number of armature coils is equal to one-half of the number of 
slots. The number of conductors per slot may be any integer, oven or odd. 
The coils cannot all have the same shape because the end-connections 
must lie in different planes. A variety of methods are used to shape the 
coil end-connections. Figure 112 1 shows a two-bank, 3-phase chain wind- 
ing, with 4 slots per pole per phase; Fig. 113 ^ shows the same winding 
with the cnd-conncctions arranged in three banks. The armature coils 
for chain windings must be form-wound. More than one winding form 
is required for each machine because the coils are not all of the same 
sJuipo. Large clearances can be allowed between the armature coil 
end-connections, which are very effective in cooling the winding. Amer- 
ican pvaclico has discontinued the use of chain windings; they are still 
used by many European mannfaotiivers.® 

Double-Layer Windings.-— Each slot has two coil sides. The number 
of conductors per slot must therefore be a multiple of two. All coils 
have tlio same shape, and tho number of coils is equal to the number 
of slots. 

When the coils arc so formed that the two sides lie a pole pitch apart, 
they are called pitch coils. Very often the armature coils are so con- 
sti’uctcd that tho sides lie in slots less than a pole pitch apart, in which 
case they are called chorded coils. Ohorded coils are used whenever 
possible for armature windings of synchronous machines. 


•Pigurcs 112 and 113 are reproduced from “Die Weohaolstromtechnik,’’ by E. 
Arnold, Vol. Ill, 2nd od., pp. 05 and 66, JuHua Springer, Bed in. 

s For furllior information on chain windings see Die W echselstromtechnik, 
l)V E. Arnold, Vol. Ill, 2nd ed., Julius Springer, Berlin, and "AnkerweWungen fur 
Gloioh- und WooUselatrommasohinen,” by R. Richter, Julius Springer, Berlin. 

m 



jLiit! a-uvaiii/agcs oi wiortieci winumgs are:” 

(1) Chor cling the armature coils has the effect of changing the numI)or 
of conductors in the armature winding. By formula 134, page 107, tho 
number of conductors in series per phase, 


N 


E X CQ X 10^ 


Tho conductors in series per phase are tliercforo inversely proportional 
to the chord factor, /o. Tho chord factor is defined as tho sine of tlio 



Fia, 112*. — ^Two-bank, threc-phaso chain winding wifch four elots per pole per pimao. 
* From " Dig Woohsolstromtoohnik/' by Dr, Arnold, Vol. Ill, p. 06, Julius Spilngor, TJcrlln. 


half-angle, in electrical degrees, spanned by tho coil. Tho pitch coil, 
which spans 180 electrical degrees, will thoreforo have as chord factor 
fe = sin § 180^- sin 90°— 1 and will have tho maximum possible voltage 
induced. Of the two coils shown in Fig. 114 with 9 slots per polo, tho 
one with a coil throw from slot 1 to 10 spans 9 slots or 180 olootrical 
degrees and/c = 1, Tho other, with a coil throw from slot 1 to 8, spans 
7 slots or i X 180 ~ 140 olootrical degrees, and /<, ^ sin J 140° = sin 
70° - 0,94. 

When designing the armature winding, one often finds that an odd 
number of conductors per slot will give tho best results. But an odd 

^^A.hE.E. Trans., Vol. 26, Part 2, 1907, p, 1486-1603; also, AJ.E.E. Trnns., 
Vol, 27, Part 2, 1908, p, 1077, 


Tho equivalent of an odd number of conductors per slot can, however, bo 
obtained by using the next larger oven number with chordod coils, For 



Fro, 113*. — ^Throe-bank, throc-phaao chain winding with four slols per polo per phase. 
♦From “ Dio Woolmoletromtoohnik,’* by Dr, Arnold, Vol. IIIi p. (iO, .Tullus SprlaRtir, Berlin. 


example, tho calculations for the armaturo winding of a 30-polo, 3-phaso 
generator showed that 189 slots, with 13 conductors per slot, would give 
the best results. With 12 conductors per slot, the magnetic densities 
were found to be too high for best re- 
sults, and with 14 too low, Tlio de- 
sired results wore obtained by using 14 
conductors per slot, with the coils 
chordod 76,2 per cent of pitch, 

(2) Tho length of tho moan-turn 
and the overall length of tho armaturo 
coil, parallel to tho shaft, are reduced 
by ohording. Figure 114 shows two 
coils for a winding, with 9 slots per 
pole, tho one with a coil throw from slot 1 to 10 and tho other with a 
coil ihrow from slot 1 to 8, It is apparent from the figure that tho coil 
with tho shorter throw has a shorter mean-turn and a smaller overall 
length. Reducing the mean-turn of tho coils produces a direct saving in 





copper and rcdiicos the armature resistances. Because of reducee 
resistance, the efficiency is higher and armature lasiitftig is r(s(lu(‘(Ml 
since heating depends upon the total losses to bo dissipattMh 

(3) machines with a small number of poles and small diauufh'r 
machine- wound, pulled type ” arniatiiro coils can Ijo us(k 1, T<\ir 2-pol( 
turbo-generators, for example, a pitch coil will have i(s si<l(\s in slob 
diaiU6itncally opposite. Specially constructed end-coniustiouH are 
required for such a design. By cliording ^he coils, the standard pnll(‘d 
type of coil, to be described later, can be used. 

(4) By chording the coils, the leakage roactance of thi^ armatiuv 



• 

4 

Fig. ns— Dmgrnm of thi oe-pliftse wimling-ono hIoI por pyr 
Uiiw, slot 1-4, « 1,/,. = J, 


winding is reduced, as can be seen fi'Oin tlio lenkiigo .'('aotaiKK! rc.i-i.mliiH, 
Chapter XIII. ' 

(5) Chording the armature coils improves tlio gonoratod vollnao 
wave form of synchronous generators, 

Graphic Method of Laying Out the Armature Winding.—'l’Jio ai'ina- 

and m 90 phase belts for 2-phase machines. Tiio diagram to dotoi'Jiiiiut 
■ sequence of the coils is made as shown in Fig. ] I5yj, vvhicli is a 
dove oped end-view of the annatui-c slots and coil ond-eonno^iona. The 
two horizontal lines represent the top and bottom of the slots, and fho 
y rtieal lines joining tljem represent the slots. The diagonal liiu'H niisa 
from top to bottom of slot are the coil ondlmioilr "ng: 


Tho zero or staiiing point for the diagrams shown is ehoson on the center 
line between two slots. The diagram, I^ig, 115, is for a B-pliase winding, 
with 1 slot per polo per phase or 3 slots per polo with pitch coils. The 
number of electrical degrees between slots is ISO 4' 3 - 60. It is 
apparent from the diagram that aftei' passing through 360 electrical 
degrees, whicli corresponds to 6 slots or 2 polos, the winding re])ea(s, 
tliat is, slot 7 is tho same as slot 1. Tho diagram, therefore, need not be 
extended beyond 6 slots or 2 poles, Tho minimum number of poles the 
winding can be used for is thorofoj*o 2. For a pitch winding tho coils 
must span 3 slots and tho coil throw is from the top of slot I to tho bottom 
of slot 4, etc. All slots from zei’o to and including 60^ must have coil 
sides in the top belonging to phase 1, all slots from 00° to and including 
120° must have coil sides in the top belonging to phase 2, and all slots 
from 120° to and including 1S0° must have coil sides in the top belonging 
to phase 3, and so on, as sliown in the diagram. The seciuenco of the coil 
sides in tho bottom of tho slots is automatically taken care of by tlio 
coil throw. 

From tho diagram of tho winding, a vector diagram of tho voltages 
induced in tho coils is made, as shown in Fig, 115/i. Tho circle is drawn 
with any convenient radius and divided into as many eciual parts as there 
are slots reciuirod to make the winding repeat. For tho diagram in 
Fig, 115/1, tho circle must bo divided into 6 (uiual parts because 0 slots 
are necessary to make the winding repeat. The numbers in Fig. 1167i 
are slot numbers, The coil sides in top and bottom of tho slots are 
taken from D'ig. 115/1. Tho length of the line joining the coil side in tho 
top of slot 1 with tlio coil side in t he bottom of slot ‘I is proportional to tho 
voltage induced in coil 1 to d. Similarly, tho length of the line joining 
tho coil side in the top of slot 4 with tlie coil aide in tho bottom of slot I 
■is proportional to tho voltage inducc^d in coil d to I , Tho vectors 1 to d 
and 4 to 1, Fig. 115/?, must pass througli tlie c(mtor of the circle because 
the coils are pitch coils and have the maximum possible voltage induced. 
Tiioi’o are two vectors, both occupying tins same position, one for each 
polo. Tlio vectors for tho three phases make an angle of 60° with each 
other, because the coils are placed into the slots in 00° bolts. 

Figure 116 A and B shows tho winding diagram for tho same winding 
as shown in Fig, 1 15 but shows the coils chordod one slot. Tho coil sides 
in the top of tho slots are tho same as those in Fig, L15, but those in tho 
bottom of tho slots arc not tho same, because of tho diflbront coil throw, 
Tlio voltage vectors do not pass through tho conior of tho circle but are 
chords of tho circle, which shows that tho voltago induced is less than 
for tho pitch coils. If the diftmeter of tho circle is assumed to bo 1, 


tho voltage iiuiui^uu 

t,) 1. For tiio winding sJiowii in Fig. 110, tho voltage induced iu tl 
coils is less than the voltage induced in tho pitch coils by the ratio ( 
the lengtii of tho chords 1 to 3 and 4 to G to tho cliamotor of the cirol 
The length of a chord of a circle is equal to tho sine of the half angle w])i< 
if .subtends time.s the diameter. Tho chords 1 to 3 and 4 to G siibtoi: 
120° and the length of each is equal to sin 120° == sin 60° = (),8(i 
which is equal to tho chord factor /« = sin f 90° = 0,800. Tl 
voltage induced in the chorded winding is, thereforo, 80.0 nor cent of tl 
voltage induced in the pitch winding. 

For the windings shown in Figs. 110 and 110 tho winding distrihutit 
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Fw. II6.-Diagram ot three-phnso windins— one slot por polo per pimao-c 

tlirowj slot i-8, 


factor IS 1, iMcause thei-e is only one slot por polo and phase, Figuro 1 
shows the diagram for a 3-phnso winding with 2 slots por polo and jiluif 

therefore^? o ropoals every two poles and c 

^liagram, one for each of tho d coils por plin; 

in each'coil m^ust^ I’cpi'osenting tho voltage indue 

a each coil must pass through the center of tho circle. Tho voltn 

not c^uarto connootod in sorinn 

coils, but is eauai i®aUura of tho voltages induced in each of I 

coils’ because as thp r ^^***^^ f”*” voltages Induced in tho t' 

^ cliagrara shows, tho voltages in tho two coils r 
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vector diagram, Fig. 117^, that the vector sum of the voltages induced 
in the two coils 1 to 7 and 2 to 8 is equal to the sum of the lengths of tho 
two chords 1 to 8 and 2 to 7. The vectors for tlio two coils under tho 
second polo occupy the same position as tho vectors for tho first polo. 
Tho voltage induced in the 4 coils of each pliase is therefore propor- 
tional to 4 sin I 150° - 4 sin 75° - 4 X 0.966. Tho arithmetical sum 
of the voltage induced in the 4 coils is proportional to 4. Since tho 

4 X 0,066 

chord factor is 1.0, tho winding distribution factor, == — ^ == 



Fra. 117, — Diagram of thrcc-plmso winding — two alots por polo per phasa — ooil 

throw* slot 1-7. 


0.960. Tho voltage vectors and chords for only one phase are shown 
in Fig. 117 j 5; tho complete vector diagram showing tho chords for the 
three phases is that of Fig. 117(7. The chords must always bo so drawn 
that they connect coil sides in the lop of a slot belonging to one phase 
with coil sides in the bottom of a slot on the opposite side of tho circle 
belonging to the same phase, Tho chords for each phase must bo par- 
allel and must make an angle of 60° with tho other phases. 

Figure 118 shows the vector diagram for tho same winding shown in 
Fig. 117, but with chorded coils. The coil sides in the top of the alots 
are the same as for the pitch winding, In tho bottom of the slot they are 
not the same becauao of the shorter coil throw. For the diagram, Fig. 


117, the chord lactor is L, The winding distriDution tacior is eqiiai lo 
the sum of the lengths of the chords divided by the number of chords. 
The voltage induced in a winding varies directly with fc. The ratio 
of the sum of the lengths of the chords to the number of the chords is 
therefore equal to /c. For Fig« 118, 
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1-C) + 2-5 + 7-12 + 8-11 
4 


2 sin 45^+ 2 sin 75^ 
4 


0.836. 



Fio, 1 18. — Veelor (Hagmm of threo-plmsc wind- 
ing — two slots por pole per phase — eoil throw, 
slot 1-6. 


The chord factor can easily bo 
calculated when the coil throw 
is known. For a coil throw 
slot 1 to 5 with 6 slots per 
pole, 

= sin X 90°) - 0 860 


and 


_ 0.830 
0.866 


0.966. 


Iriguro 119 shows the lay- 
out for a 2-phaso winding, with 
4 slots per polo per phase and 
coil throw slot 1 to 7. The 
coils are placed in 90° phase 
belts and the chords for each 
pluLsc arc parallel and make 
an angle of 90*^ with the other 
phase. The chord factor, 


- sin (t X 90°) - 0.92d. 


From Fig. 1 19B, the winding distriliution factor is calculated as follows: 


, , 2 sin 33 75^ + 2 sin 56 . 25° + 4 sin 78 75° 

jejw — ■ = 0.837 


^ 0 837 

" 0.92d ■ 


For the windinga shown above, the total number of slots is a multiple 
of the number of polos times tlic number of phases, tiiat is, the number of 
slots por polo por phase is an integer. The total number of slots need not 



neither need the number of slots per polo per phase bo an integer. It 
may bo a mixed number, for example, 2^, eto* 

The method of laying out a winding with a mixed number of slots 
per polo and phase is exactly the same as for the windings shown above. 
The windings for which the number of slots per polo per pJiasc is not an 
integer do not always repeat every two poles. It may bo necessaiy 
to lay out tiio winding for or more polos. Figure J20 shows a 3-phaso 
winding, with 21 slots per pole p('r phase. TIk^ number of slots per 
polo = X 2J = Of, and the electrical degrees between slots, 

= 26| electrical degrcjes, 

(>? 



Fia. 119,— Dingrum of two-plmsc winding— 1 hIoIs per polo per phftsc— coil tlirow, 

slot i-7. 


The electrical degrees are shown at the top of the slot in Fig. 120yl, with 
the ;icro or starting point on the center line between two slots. The 
diagram shows that the winding repeats after passing over 27 slots or d 
polos, that is, slot 28 is the same as slot 1. In the vector diagram, 
Fig. 120/i, the circle is divided into 27 equal parts because there arc 
27 slots necessary before tlie winding repeats. The calculations for the 
winding distribution factor arc given in Fig, 120 B. 

A 2-phaso winding with 2^ slots per pole per phase is shown in Fig, 
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180 

degrees per slot = — = 384- electrical degrees. The vector dingraiu 

‘li 

and the calculations for the winding distribution factor aro shown in 

Fig. 1215. 
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A X /o - - 0 877 

/« =»&ing^ XOO 0,018 

0^.0.000 


Fig. 120.— Diagram of three-phaac winding— 2t slots per polo per iihasc— eoil throw, 

slot 1-6, 


Not all values of slots per polo per phase can bo used for 3-phaso and 
2-phase windings. When the number of slots per polo and phase is a 
mixed number, a balanced winding can bo obtained only when the 
denoimnator of the fraction is not a multiple of tho number of phases. 
For example, 2^ slots per pole per phase can not bo used for a 2-phaso 
ending, because 4, the denominator of tho fraction, is a inultinlo of 2. 
A winding with 2f slots per polo per phase, for example, can bo used for 
either ^ or 3-ph^e, because the denominator of tho fraction is not a mul- 
tiple of 2 or 3. This winding mpeats every 14 polos, and the miniminn 
number of poles for which it can be used is 14. 

The curves, Fig. 122, show the winding distribution factor for 
-phase and 3-phase, double-layer windings. For windings with mixed 
number of slots per pole per phase, the number of slots required to make 




cxamplo, the winding shown in Fig. 120 repeats every 27 slots. From 



Slots per Pole 


Fia. 122. — Winding distribution factors for two-phaso and thrco-plmso windings. 


the curve, Fig, 122, « 0,956, which is the same as the value given in 
Fig, 1205, 





connected. For synchronous generators, only the star connection is 
used. The advantages of the star connection have been explained by 
T. S. Eden‘S and are as follows: (1) Currents of triple frequency or inuF 
tiples of triple frequency can not flow in star-connected windings with 
ungrounded neutral (2) In general the o.m.f. wave forna is nearer a 
true sine wave. (3) It is possible to bring out a lead from the neutral 


\< — R&peaf Every Two Po/es — h 



Fia. 123r — Coimoclioii diagram for ihrec-plmao winding — two slots per polo per 

phase— oiiG circuit star. 

point, whioli is useful for various purposes. (4) Grounding tho neutral 
reduces tlie potential strain on the insulation of tho winding, permitting 
reduced thickness of insulation. 

Tlio coils per phase of both 2-phase and S-phaso windings can always 
bo connected in scries, and in most cases they can also bo connected 
in parallel, to form more than one circuit. For high voltage machines, 



Pio, 124. — Connection diagram for threo-phnso winding — two slots por polo por 
phase— one cirouit delta. 

the one circuit winding, with all tho coils por phase connected in series, 
should always bo used so that the voltage per turn will not bo too high. 
Tho connection diagram for the winding layocl out in Fig. 117 is shown in 
Fig. 123^ with star connection and ono circuit. The ends of pliases I 
and 3 and the beginning of phase 2 form tlie neutral Tho beginning of 
phases 1 and 3 and the end of phase 2 are the lino leads. The ono oir- 

4 A.LE.E. Trans., Vol 33, Part I, 1914, p. 803. 











polo per phase does not repeat until 4 poles have Peon passou ovoi, ino 
mininuiiii iuunlK;r of poles that this winding can bo used for is tlioroforo 
4j and only one circuit is possible. On an 8-polo machine, tho maxiinuin 
nuinber of parallel circuits possible with this winding is 2, etc, It i.s for 
this reason that windings for which tho number of slots per polo is an 
integer are often chosen in preference to fractional slot windings. .Small 
synchronous motors and induction motors are generally designed for two 
voltages, that is, 110 and 220 volts or 220 and d-iO volts. To aocom- 
plish this, tho windings must be so chosen that two circuits can bn used 
for tho low voltage and one for tho high voltage. As shown above, this 
is not always possible with fractional slot windings. 

Tho connection diagram for a 2-circuit, 2-phase winding with 8 slots 
per polo per phase is shown in Fig. 127. 

Number of Armature Slots.— -The number of armature slots must be 
an integer and must be such a number that a balanced winding can he 
obtained. The total number of slots will always bo .satisfactory for a 
given number of poles and phases when tho numcratoi- of tho fraction 
slots • 

reduced to its lowest terms, is a multiple of ilio number of phases. 

polos 

For example, with 126 slots on a 14-polo machine, 

slots 126 ^ 9 

poles 14 1 

and a balanced S-plmso winding is possible, hocauso 0 is a miiUh^Ie of 
the number of phases. With 120 slots on a 14-polo machine, 

slots _ ^ ^ 

poles 14 7 

and a balanced 2-phasc or 3-phaso winding is possibhi, booauso 00 is a 
multiple of both 2 and 3. 

With a small nuinber of armature slots, a smaller number of coils 
will be required than with a larger number, hwi tho number of turns ])or 
coil and, therefore, the slot size will be larger, A small number of slots 
might therefore lead to a slight saving, because there arc fewer coils to 
wind, form, insulate, place into tho slots, and connect. Tho armature 
slots affect the flux wave which the armature conductors cut/^ Tho 
ripples in the flux wave induce harmonics in tho^ voltage wave 
of generators and produce eddy current losses in tho polo faces 
of motors and generators. The effect of tho armature slots upon 

® ^'Die Wochselstromtoclinik/' Vol. Ill, 2nd ed,, p. 210, Julius Sprinisor, Berlin; 
British Journal I.E.R, Vol. 37, p, 148, Vol. 39, p. 206, and Vol. 40, p. 4J3. 



L/iiu uu.v wiivu guiiiJituiy uu lutuiccQ Dy using a largo iiiuriDor oi 
narrow slots. 

The tooth pitch at tlio armature siirfacG, 



It m(iy sorvo ns a guide when choosing the number of arniaturo slohs. 
The slot width is generally equal to or slightly less than the tooth width. 
For a small tooth pitch, the armature tooth will ])c narrow. This condi- 
tion might lead to diflicultics in construction, for the reason that it is 
di then It to support the armature teeth at the ventilating ducts and at the 
ends of the armature core without obstructing the ventilation. For 
synchronous motors and generators, the tooth pitcli at the armature 
surface is gonovall}'^ 0.80 to 2.0 in. With a small tooth pitchy the arma- 
ture coil oncl-connoctions are close together, with no space for ventila- 
tion between the coils. For high-voltage machines, which are generally 
built in largo capacities, it is, as a rule, desirable to use a largo tooth 
pitch. The oiTcct of the armature slots upon tho air gap (lux distribution 
curve is generally quite small for largo machines because tho air gap 
long til is largo. 

Armature Coil Construction and Insulation. — Tho armature coils for 
synchronous motors and generators are wound with round, square, or 
rectangular copper wire. I<'or small-capacity, high-voltago machines, 
which require a large number of turns of small wire, round conductors 
are often nocossary. Whenever pos.sibIo, s<iuarc or rectangular conduc- 
tors are used because tho}^ make mechanically stronger coils with smaller 
air spaces between turns, For largo-capacity machines requiring largo 
conductor sections, each conductor is built up of a number of small wires 
in parallel. By subdividing largo conductors, a more Ilexiblo coil is 
obtained,^ which can bo easily formed. Tho eddy current losses present 
in largo solid conductors are thereby reduced. 

For some machines, form-wound coils are used. A winding form 
with wire-wound coil is shown in Fig. J 28. The pulled typo of armature 
coil is used for most machines. This coil is wound on a bobbin,* as shown 
in Fig. 129, and then pulled out to the rcciuircd shape on a coil pulling 
machine. Whenever possible, tho coils should bo wound in such manner 
that there is only one turn per layer. Fig. 130A shows a soction of a 
coil wound with rectangular conductors with only one turn per layer. 
When tho soction area of the conductor exceeds approximately 0.100 
sq. in. or when it is not possible to obtain satisfactory slot dimensions 
with one conductor, the arrangement shown in Fig. 1305 is used. 
Each conductor is subdivided by using several small wires in parallel, 



arranged in sucli manner iiiai tne conciuctors per layer arc connected in 
parallel. The line through the conductor of each layer indicates tlio 



parallel wires. Figure 131 sliows a largo armature coil wound with 12 
wires, 0.080 X 0.145 in., in parallel. 



For machines requiring a largo number of turns of small wire, the 
arrangement of conductors shown in Fig. 1304 and B cannot always be 


ii ( 





juiitiiiiiiuH Lue cons snoiHci DC wouna as snown in iMg, 
132yl. With this arrangomont, onc-half of the coil must bo wound back- 
wards, that is, in opposite direction to the oilier half. The two halves 
df the coil must be insulated from each other, because of the high voltage 

between tlie beginning and ending lead. >__c 3 C 

Coils witli many turns may also bo wound I i "" QSH3 ^ 

as shown in Fig. 1325. For this method 
of winding the coils, tho turns of each layer r=i 

cross each other, and experience has shown i i &BS 

that sliort circuits often occur at these [ [ Bgfl 

cross-over points. Tliis method should f 1 C3B£] 

bo used only with round wire and in sizes A 0 

0.0103 sq. in. area and smaller, Fia. lao. 

Double-cotton-covorod conductors are 
goporally used for the armature coils. For machines to operate at liigh 
tempera til res or for heavy overloads for short periods, asbestos- covered 



Fia, 131,— Armature coil with 12 wires, 0.08 in, X 0,145 in. in parallel. 


wire is sometimes used. Tho straight part of the bobbin- wound coil is 
molded in a steam or electrically heated mold and is then pulled out on 



a coil-pulling machine to the required 
shape. For high-voltage, large-capacity 
machines, the pulled-out coil is treated by 
the vacuum process, ° to fill all interstices 
with an insulating, moisture-resisting, 
heat-conducting compound. To maintain 
a smooth surface on tlio outside of tho coil, 
it is wrapped with a sacrifice tape before 


Fra. 132. it is impregnated. This tape is removed 


after tiio coil has been treated, For mod 


orate- volt ago machines, tho coils are often given a varnish treatment 


instead of tho vacuum treatment. In tho varnish treatment, tho coils 


^ '^Inaulaiion and Design of Flocirical Windings,” by A. P. M, Fleming and R, 
Jolmson, p. 08, Longmans, Green and Go., London; Eleotric Journal, Vol. 22, Fob,, 

1926, p. 96, 




are nrsc arioa aiiu wiwi uipp(5ci miu a uiim ui iiiaumiauf;, vuixumiu 
A fter removal from the varnish ])ath tlioy arc allowed to drain and arc 
then baked at a temperature of 100^ 0, until dry. This treatniont is 
repeated two or three times, eleponding upon the voltage, nm) and type of 
machine. 

After the varnish or impregnating treatment, the coils arc ready for 
the insulation, which consists of wrappings or tapings of varnislied cam- 
brie, mica, or combinations of bolh, depending upon the size of the coil 
and the voltage for wliich it is to be insulated. The standard test voltage 
for which the armature windings of synchronous macliines must hi) 
insulated is given in the Standardization'^ Hides of tho'A,IJiJ,]3. It is 



Fra. 133.— Thickness of coil insulation and insulation cloamncos for annaturo colls 
of synchronous machines, 


twice the rated voltage of the winding, plus 1000. The high-voltage tc^st 
is to be made when the windings arc at operating tempera turo. 

The insulating materials generally used arc: cotton and linen tape, 
mica and mica tape, varnished cambric, and insulating varnishes. 
The insulation of the armature coils may be carried out in various ways. 
Figure 133 and the accompanying table give the insulation clearances 
required for various voltages. 

Conductor Section and Slot Size, — The armature copper loss, 

Wa — I^Ra watts. 

The current in the armature winding, 

^ A.IE.E, Standards No, 7, 1926, p, 15, 
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Ra 


Lr 


s„ X 10« 


Horo L is the total length of the armature conductor. 

Making tho substitutions, 

Tr„ = = A,%Lr X lO-a. 


Tho weiglit of tho armature copper, 


<!„ X 10“ 


Ga = LSa X 0.321 

and 


For 26“ C., r => 0.092 and 

IF„ = A„^G„ X 2 23 X 10-“ watts. (139) 
For 75“ C., r == 0.82G and 

TF« = A/Ga X 2.68 X 10““ watts. (139a) 

This equation shows that tho armature copper loss varies directly 
with tho current density squared and tho weight of tho copper. Sinc(3 tlie 
armature copper loss is a large percen Inge of tho total lo.sscs and since tiio 
lomporaturo rise of the armatiun copper depends upon the copp(3r losses, 
it follows that toinporaturo rise or elRciency or both will generally limit 
the value of A„. Tlio number of armature conductors required for a 
given voltage and llu.x iiici’oasos as tho sircod of tho machine decreases. 
Tho copper loas for a given current density will therefore generally bo 
higher for slow-spood rnachincs than for high-speed machines. To 
obtain an economical design, tho current density should bo chosen ns 
high as good operating characteristics will permit. Tho curves in Fig. 
ISd, givo average values for tho armature current density for various 
capacities and speeds. 

Tho section area of tho armature conductor, 


I 

So = r — sq. m. 

Aatt 


(140) 


Tho open typo of armature slot is generally used for armatures of 
synchronous machines, For open typo armature slots, the leakage 
flux is not equally distributed over the entire slot depth, and, as a result, 
a difference of potential is produced between tho top and bottom of aiiy 
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tial will set up equalizing currents in the conductor, which may lead to 
copper losses several times greater than that duo to the normal load 
current alone. Those eddy current losses may bo reduced to a negligible 
value by subdividing the individual conductors. This is done by using 
several small wires in parallel or by using pressed cable. For large 
capacity machines, transposed® conductors or inverted turn coils must 
be used in addition to subdividing the conductors. Figure 135 shows 
a portion of an armature coil for a 12,500 Kva turbo-generator. The 
coil has two turns and each turn is inverted in the end-connection. 
The armature conductor for synchronous machines is therefore gen- 
erally built up of a number of small insulated wires in parallel. 



Pig. 134. — Approximate current densities for armature windings of 60® C. salient- 
polo synchronous machines. 

The dimensions of the slot can be found by adding to the space . 
required by the insulated conductors in the width ancl depth of the 
slot, the insulation clearance nocessaiy. The insulation clearances 
for width and depth of slot are given, for various voltages, in Fig. 133. 

Mean-Turn, Resistance and Weight of Armature Winding, — The 
shape of the armature coils for synchronous machines is ai^proximatcly 
the same as that of the armature coils for direct-current machines. 
The angle a, Fig. 136, which the straight part of the end-connection 

* Reduction of Armature Copper Losses," by I. H. Summers, A.I.E.E. Journal, 
Vol 46, May, 1927, p, 451; “Additional Losses of Synchronous Machines," by C. M, 
Laffoon and J, F, Calvert, A.I.E.E, Journal, Vol, 46, June, 1927, p. 673; “Transposed 
Armature Coils in Alternating Current Generators," by S, L. Henderson, Electric 
Journal, Vol. 23; July, 1926, p. 348. 
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ui uiic tMixiaLLiic: uuio can ue caiouiaieci as 


follows: 


sm a — 


h 


(Ml) 



l''ia, 136. — Part of turbo-genorator coil showing transposition in end'-connection. 


Hero h is tho tooth pitch at the armature surface and d is the thickness 
of one coil at the end- connections plus tho clearance between adjacent 
end-connections, Tho thickness of the coil at the end-connections may 
bo taken equal to the slot 
width. Tho clearance, Sy 
Fig. 136, is given in Table 
XVI. 

Tho coil pitch is calcu- 
lated on a diameter through 
tho moan of the slot depth. 

It is, 

— p Pia, 130, — ^Armaturo coil end-connections. 

P 



TABLE XVI 




r IS tne per cenL pitcn oi u\o con cxprossoa as a aociiimi pei ccjib — 
75). The length of the straight part of the cnd-coniiociion for one 
end of the coil, i , 


2C 


7r(i) ds) 


P in. 


p cos a 


Tlio part of the armature coil which is embedded in iho slot is allowed 
to extend beyond the edge of the armature core a dislanc(^ Idg. VM). 
The length of this coil extension depends upon the volUgo of the will- 
ing, It is given in Table XVI. 

The loop at each end of the coil has a moan length', approxiinatoly 
equal to the slot depth. 

The complete expression for the length of ono-half the moan- turn 
of an armature coil, 

i,, = 4 - 2b + (Is + I in. (Id2) 

j) cos a 


The horizontal extension of the armature coil beyond tho arinaturo 
core is equal to tho sura of 6 + / + ff, Fig. 1*10. 

/ = C sin a in., 

and g is approximately equal to tho slot depth. 

The resistance per phase of the armature winding, 

r X 10“® is the resistance of copper per inch of 1-sq. in. section. For 
25® C., r = 0.692 and for 75° C., r = 0.826. Whon tho armature 
conductor is built up of several small wires in parallel, ,s« in formula Id 3 
must be the section area of the group of parallel wires. Tho 
resistance of the winding at any other temperature, Ti, can bo calcu- 
lated by formula 37, page 66. 

The bare weight of the armature copper, 

Ga = KNamsa X 0 . 321 lb. (144) 

Here Sa is the section area of the group of parallel wires, whon the 
armature conductor is built up of several small wires in parallel. Tho 
appro.ximate insulated weight can be calculated from the data given in 
the copper tables. 
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given on page 168, an air gap density of <12,000 lines per sq. in. is 
assumed. 

<^t == wDlB„ = ir X 100 X 17.5 X <12,000 
= 231,000 kilo-linos. 

The design of the pole shoo is given on page 171. Tho air gap /lux 
distribution curve i.s shown in Pig. 109. The form factor, /i, = 1 . hi, 
and tho /lux distribution factor, fa ~ O.O/iO. The winding distribution 
factor may bo taken e<pinl to 0 966 (see curve. Pig. 122); 

(7,„ = JM. = 1 .14 X 0.666 X 0.966 
= 0 72.6. 

Por a pitch winding, the ninnbcr of conductors in series per phase, 
E X 60 X 108 i;j()() X (iO X K)’’ _ _ 

<l>inf oC\, " 231,000 X 108X 225 X 1 X 0.725 

« 221 . 

For a winding with one circuit por pluuso, tho total number of con- 
ductors = 221 X 3 = 663. 

With 3 slots por pole and phase, tlio total number of slots, 

,S' = 3 X 3 X 32 = 288 < 


and tho tooth pitch at tho air gap surface. 


irD 3.i<JXt0() 
E ~ 288 


1.09 in. 


Tho number of conductoi’s per slot, 


663 

288 


= 2,3. 


As stated above, this number must bo an integer and must bo a multiple 
of 2, If a one-circuit winding is to bo used, 2 conductors per slot will 
bo required. But decreasing tho number of conductors to this value 
will produce too largo an increase in the total flux. If a 2-circuit 
winding is used, tho conductora per slot must be doubled. With 
a 2-circuit winding and 6 conductors por slot, tho total flux will bo too 
small It may bo increased by using a chorded winding, but this would 
require a chord factor of about 0.76, which is not satisfactory for a 
32-polo machine. Tho number of slots should therefore either bo 
dooroasod, so that a 2-oii'cuit winding with 6 conductors per slot can 


ue uaeu, 01 luoieabuu iio pouiut a -i-oircuio wmamg witn 4 conauctors 
per slot. 

Witli 85 slots per pole per phase, the total number of armature 
slots, 

iS = X 3 X 32 = 33C. 


The tooth pitch at the air gap surface. 


h 


wD 

~s' 


3.14 X 100 
336 


= 0.936 in. 


The armature windings for synchronous machines are generally 
designed with more than one turn per coil. Large-capacity turbo- 
generators, for which coils with transposed conductors are used, require 
only one turn per coil. A 2-cireuit winding will therefore bO’ used. 
The total number of armature conductors required = 2 X 663 = 1326. 
The conductors per slot. 


1326 

336 


3.95 or 4. 


For this winding, with 10.5 slots per polo, a pitch coil can not be 
used. A coil throw, slot 1 to 10, will bo used, 

/« = sin 90 = 0.976. 

The diagrams for the winding are shown in Fig. 137. 

The final value of the total flux, 

g X 60 X 10* 1390 X 60 X 10^ 

~ NnCu,fo " 224 X 226 X 0.725 X 0.978 
= 234,000 kilo-lines. 

The armature current, 

Kva X 10* ^ 2500 X 10* 

EX3 1390 X 3 

= 600. 


The section area of the armature conductor, 




137.-Wmdmg layout and connectioii diagram-3i slots per pole per phase-three-pW, two^ircuit star. 


0 / 5 "-^ 


/nsufaied conducfor 0140x0^6 
4 in pa/v/fe/ 3 farms per co// 


inG Doom pilCH tlO OlltJ tlli iiaD uutii autjvv^, 

it is equal to 0.935 in. The width of the slot should not bo greater than 
, one-half of 0.935 in. or 0.4G75 

in. The coils will bo wound 
with 4 d.c.c. copper ribbon 
conductors in parallel and ar- 
ranged in the slot as shown in 
Fig. 138. Tlio insulated di- 
mensions of each conductor are 
(see copper tables) : 

Width 0.270 in., thickness 
0.149 in., area 0.0325 sq. in. 

The slot dimensions re- 
quired are (soo Fig. 133) : 



Fig. 13S. 


Width = 1 X 0.276 -|- 0 18 = 0.456 in. 
Depth = 16 X 0,149 -f 0,50 = 2.88 in. 
The current density for this conductor, 

600 




2 X4 X 0.0325 


= 2310 amperes per sq. in. 


This winding will bo satisfactory, provided the densities for tiio 
various parts of the magnetic circuit do not exceed the limits given in 
Chapter XII. 

The length of the half moan-turn of the armature coil is calculated 
as follows (see Fig. 136) : 

d 0.456 -J- 0.18 ^ 

sm or = — ^ 0 . 680 

<1 0.935 

a - 42.9® and cos a = 0.733. 

The per cent pitch, 

9 


10 5 


= 0.867 


La = 


5r(D -|- dj) 


p cos a 

3,14(100 + 2.88) 
32 X 0.733 
= 34.68 in. 


P + 2t) + d, + I 


0.867 + 2.5 + 2,88 + 17.6 


xiii. iLbiBtaacc per pnase or the armature winding at 75 C., 

R = = 34,68 X 224 X 0.826 

asa X 106 2 X4 X 0 0325 X 10“ 

= 0.0247 ohm. 

The bare weight of the armature copper, 

Ga = LaNa7nSa X 0.321 

= 34 68 X 224 X 2 X 3 X 4 X 0 0325 X 0.321 
= 1940 lb. 

The approximate insulated weight equals 2000 lb. 



CHAPTER XII 


MAGNETIC CIRCUIT 

The fundamental formulas for the magnetic circuit aro given on 
page GOj Chapter iV. The magnetic circuit for a pair of poles for a 
salient-polo synchronous jnachino with I’ovolving field is shown in Eig* 
139. The path of tlie nmgnotic flux comprises the air gap, arnuituro 
teeth, armature yoke, field pole, and field yoke or spider rim, Tlie 
material and flux densities are not the same for all parts of the iiuignetic 
circuit; tlierofore, the ampere-turns must bo calculated S(^paratoly 
for each part. Tho symbols used for those calculations are the same ns 
those used for direct-current machines, page Gl. The total aiiipero- 
tiinis per pole for no-load and normal voltage, 

ATP, - AT, + AT, + AT,„ + AT;, + AT,/. 

Ampere-Turns for Air Gap* — Tho maximum value of tho flux den- 
sity in the air gap, 



The section area of the air gap, 

^ IT Dig, 

That is, the air gap section is equal to tho circumforonco of tho armature 
times the length of tho section For salient-pole machines which 
have core lengths not over from 12 to U in. and for which tho length of 
the pole shoe parallel to the shaft is equal to the total armature length, Z, 
the length of tho air gap section, Z,, can be taken e(|ual to the total 
length of the armature. It is assumed that tho flux lost because of the 
ventilating ducts in the armature is equal to tho flux gained bccauso of 
the fringing of the flux at tho polo ends. For largo-capaoity saliont- 
pole machines with long armature cores and a largo number of venti- 
lating ducts, the length of the gap section, 

h UnaWd), (145) 

206 



J. 11 U aniperc-tiirns per polo for the air gap, 


AT, 


3 2 ' 


The air gap coefficient, A:, is calculated by formula 40, page 63. ^ 

Ampere-Turns for Armature Teeth. — Slots with parallel sides are 
alwaj^s used for synchronous machines. The tooth width is therefore 
smaller at the armature surface tlian at the bottom of the slot. The 
section area of the teeth at the armature surface, 

S/j — lOtfl — 7iaiVd)kiS. (146) 

Tlie number of ventilating ducts is always so cho.son that the space 
between ducts doe.s not exceed 3 in. The width of the ducts Is f in. 



Tig. 139 — Magnetic circuit of salient-pole synchronous machlno. 


for small machino.s and I in, for medium and largo-capacity inaohinos. 
The lamination factor, fri, depends upon the jnethod of insulating tiio 
laminations and upon the kind and thickness of the shoot. Tor silicon 
sheet steel 0 014 in. thick and insulated with coi'o plate varnusli, 
= 0 90. For sheet steel 0 . 019 in. thick, ki may bo taken equal to 
0.93. 

The maximum fliuc density, 


The maximum flux density in the armature tooth should generally not 
exceed 100,000 lines per sq, in. High tooth densities produce high 



iron losses and require a large number of ampere-turns on the field 
winding. Low tooth densities, on the other hand, result in an uneconom- 
ical use of magnetic material. The density at the armature surface 
will generally lie between the limits, 

= 75,000 to 95,000 lines per sq. in. 

To take into account tho effect of the tooth taper, tho ampere-turns 
for the teeth are calculated for the density at a section ^ tooth length 
from the minimum section. 

Si, == — ndm)hiS 

and 

The method of calculating is shown in the sample design, page 212. 

Prom the standard saturation curves for the material used in the 
armature laminations, the ampere-turns per inch corresponding to tho 
density are found. Then 

ATi — fit it t’ 

The length of tho flux path for the armature teeth, Uf is equal to tho slot 
depth. 

Ampere-Turns for Armature Yoke. — ^Tho flux of each polo passes 
through the armature teeth into tho yoko and divides, onc-half return- 
ing through each of the adjacent polos as shown in Fig. 139. Tho flux 
per pole, 

<l>tfd 
V ' 


= 


Tho depth of tho iron below the slots, is calculated by formula 67 
in the same way as described for diroct-curront machines. Tho flux 
density in the armature yoke depends upon the grade of shoot stool 
used for the armature laminations and upon the frequency of tho flux 
reversals. The losses in tho armature iron increase with the frequenoy 
and the density. The weight of the iron in the armature yoke is the 
largest part of the total iron weight; therefore low flux donsitics will 
generally be required to avoid liigli core losses. For 60- cycle synchron- 
ous machines, the flux densities in tho armature yoke will generally lie 
between the limits 40,000 to 75,000 lines per sq, in, For lower fre- 
quencies, slightly higher values may be used. 

The ampere-turns per pole for the armature yoke, 

ATyn ~ atyaifya* 






*- 


xiiu iungui 01 DUO mix paua lor mo yoico is taKon equal to one-liall tlic 
polo pitch on the mean clianiotor of the yoke* 


I 


va ^ 


ird) + 2(1. + jfU 

2p 


(147) 


Ampere-Tums for the Pole. — Tho flux in the polos is equal to tho 
useful flux which crosses the air gap and enters the armature, plus tho 
leakage flux. Tho pole body density, 


S,. 


<])\ 

Sp 


Tho leakage flux can not bo calculated until tho dimensions of tho polo 
are known. Tho flux density in tho pole will depend upon tho kind of 
material used, For laminated polos. 


Bp = 85,000 to 100,000 lines per sq. in. 

For casL-sLcol poles slightly lower values are necessary because of tho 
non-uniformity of this nuitorial. Tho field leakage constant, X, may 
bo estimated with tlie help of tho curves. Fig. 140. Tlio section area of 
tho polo body can then bo calculated by tho formula abovo. Tho axial 
length of tlic polo may bo inado slightly loss than tho armature length, 
but more often, Zi will bo oqual to I, 

Tho field leakage flux may bo caloulalod approximately by tho fol- 
lowing formulas i (seoFig. 14 J): 


•/Ut 


<l>h 






=» X 19/ts logic ^1 -f 

= X(i.5^’ 

(h 


X = AT, + AT, + AT,, 

^ 

^ Tho dovolopment of theso formulas is given on page 08. fieo also, Field 
Loakago in Synchronous Machinos/' by Thoo, »Sohou, Electrical Review, Vol, 77, 

p. 281* 



Tho ampere-turns per pole for the pole, 


The length of tho flux path, is equal to tho radial height of tho polo. 
This value depends upon the space required by tho field winding. Tho 



Fia. 140 — Approximate field leakage constants for salient polo synchronous machines. 


ratio of tlio radial length of tho polo to tho polo pitch is generally equal 
to from 0,30 to 1,50. The small value is for machines with a small 

number of poles, or largo polo 
pitch; and the large value 
for machines with a largo 
number of poles, or small polo 
pitch. 

Ampere-Turns for the 
Field Yoke. — TIio field yoke 
or spider rim, to whicli the 
field polos are either bolted or 
keyed, is either of cast iron, 
cast steel, rolled stool, or 
built up of rolled steel plate 
(see page 164). For cast-iron 
spiders, the density in tho 
field yoke should not exceed 

30.000 linos per sq. in., and for cast-stool spiders it should not exceed 

60.000 lines per sq. in. With rolled stool and laminated field yoke, 
higher densities may be used. For large-capacity high-speed machines, 
the spider rim section must be checked also for mechanical strength. 



N 



Gcnomlly, liownvor, Iho Roction iluit RiiUsfins tlio inagnoiic roqiiiro- 
inonts will b(3 largo onoiigli to moot th(3 iiKicluinicnl iXMinironiontR 
for Rlrojigth, Synchronous motors iind gXMioraiovs aro or(('n dosigiuvl 
to luivo a largo inlu^i’ont fl,ywhc(3l olToct. I^'or tliis piirpos(' llui sc'ction 
area of th(3 spider rim is larger tluin is nocossary to moot ili(3 imigmdic 
roquiromonts givcai above* 

Tlie section area of the field yoke, 

</>X 

* y<7/ 

Tlio longtii of the yoke section parallel to the shaft is generally e^iual 
to the length of the pole, h. When c3xl-ra larg(3 yok(i sc'c-tions nro used 
to obtain largo llywlu^t^l efiect, h is oft(3n made larger than h. 

Tlie cleptli of th(3 spider rim, 



The ainp(3r(3-tunis for the fi(‘ld yoke, 

A.\ y/ ^ at(//?j//. 

The length of the flux patli is slunvn in I'lg, 189, and is (akon ecpuil to 
one-half of the ])ole pitch on tlu» moan circuinfenaice of the spifkjr ritn. 

Th(3 oj)on“Oireuit saturation curve is calculated as (explained on 
liag(^ (>9* The calculations for tla^ Hami)ln generator design av(3 given 
on pag(3 215, 

Sample Design: il/uf/aWn* (^irniilr -VWo ventilating duels, each 
in. wi(l«^, are used in the armature, 'khe length of the air gap section, 

- lOtuWn) - 17 5 ^ l{ry X 1) “ 16-25 in. 

Tlie air gap density, 

j, jtL _ 2!M,0Qa.X 10-^ 

irDly “ 8. hi X 100 X 10.25 

'15.8 kilo-lines per nq, in, 

The length of the air gap luis btxin estimated at 0,400 in. and tho 
air gap coefliciont, 


The ampero-turns per pole for the air gap, 

_ BgSk 45,800 X 0.406 X I 08 
"^ 32 ’" 32 

= 6280 ampere-turns. 

The maximum density in the armature teeth, 

<t>i 234,000 X 10^ 


Bi. - 


Wt^il — ndWd)kiS 0.479(17 5 — 5 X i)0.93 X 336 
= 104 Idlo-lines per sq* in. 

The width of the armature tooth at a section J tooth from the mini- 


mum section, 


+ fds) 


= 0.496. 


~ Wt ~ 


7r(l00 + f 2 88) 


- 0,450 


<l>i 


336 

234,000 X 10» 


Wi,il - n„wu)kiS 0.496(17.6 - 5 X 1)0.93 X 330 
= 101 kilo-linos por sq. in. 

From tlio standard saturation curve for 2.5 to 3.0 por coni silicon 
stool, at( = 69 amporo-turns por inch and, 

AT( = at, I, = 69 X 2.88 
= 199 ampore-turns. 

Tho flux per polo, 

<j>,fd ^ 234,000 X 10^ X 0.666 
p ~ 32 


4 > 


= 4870 kilo-linos. 

Tho depth of tho armaturo yoke, 
<l> 




4870 X 10» 


and 


(i - 7i.,u>a)hB„„ (17.6 - 6 X ^)0, 93 X 60,000 

= 5.82 m. 

The outside diameter of tho armaturo core, 

Do ~ D 2ds 4" d,/a = 100 -[-(2X2. 88) -I- 6 . 82 
= 111.68; make this 112 in., 


dua = Do - (D + 2d.) « 112 - (100 + 2 X 2.88) 
= 6.24 in. 


\ 


CAM. ^ 


^ . 

^'. f ■ 


_ ^ _ ‘^^70 X 10^ 

*"*“(;- nawa)kidya (17 5 - 5 X |)0. 93 X 6.24 
- 56 Idlo-lincs per sq. in. 

The length of iho flux path, 

^ 7r(D + 2cls + hdya) 3 . 14(100 + 2 >< 2 88 + ^ X 0 . 24) 


2 X 32 


6.34 m. 


The ampere-turns per inch from the standard saturation curve for 
2.6 to 3.0 per cent silicon steel, at^a — 2.5 amporC'-turns per in. and 

ATya - Uyjya = 2.5 X 6.34 
=5 14 ampcrc-tiirns. 

Tlic field leakage constant is taken equal to 1.38 and tlic section 
area of the polo body, 

4870 X 10^ X 1.38 
“ B„ ~ 95,000 

= 70.7 sq. in. 

The length of tJio pole parallel to the shaft is 17.6 in. and, 

70 7 

'10 p — rz— I = 4,05 in, ; use 4 in, 


VJ 


The radial height of the pole depends upon the space required by 
the field winding. It is estimated at 7.0 in. (see page 210). 

Tlic leakage flux is calculated by the formulas given on page 209. 

/i = 17.5, /j, = 1.126, flj = 3.08, i? = G.75, 

/i„ = 6.25, ih = 5.0, Kip = 4.0, 

C2) m 108 (l + I) . 19 X 1 . 125 X log (l + 


= 13.90 


0.„,4l . „ ,42.00 

Ah 6.0 



(4) 9.5/1, loK (l -(- = 9.5 X 9.25 (l -|- ^ J. *’ 

A" (i2«() + 199 -I- M = (il9:{ 

</., = X X 2()().5() = 019:5 X 209.50 l,(i'.)l).00( 

<j,, 1,090,000 , , . 


60- 

<3 

L so - 

iS: 
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A T. pei‘ Polo 

Open-Cifcuit Saluration Curve 
l‘'((i. M2, 


The flux density in tin* pole body w then, 
„ 4,S70,000 X (.;m7 

/i ! . , — _ (>.. /.,) 

4 X i7.5 ’ 


pi'r mp in. 



— w- LTvii tio tlL> ^ Oi-i XHC IGll^tll Ol t/llG lltlX p^tJi 

Ip == 7.0 (seo Fig. 139) anri, 

ATp = Zpatj, = 7 0 X 31 = 217 arnpore-Luras. 

The sccUon area of the spider rim, 

'1,870,000 X 1.3-17 
~ Bpt ~ 05,000 

— 101 sq. in. 

If tho length of the spider rim parallel to the shaft is made equal to 
the annaturo length, 

^yf ^ ^ o 77 in, 

17.5 

Tho length of the flux path in the field ^''oko (soo Fig. 139), 
lyf ^ 4.05 in. 

The ampere-turns per inch for open hearth rolled steel, at — 6, and 

kTyf 4 05 X 6,0 = 24 ainperc-turns. 

The calculations for tho open-circuit saturation curve are given in 
Table XVII. The data in the table arc plotted in Fig. 142. 


TABLE XVII 

























CHAPTER XIII 


ARMATURE REACTIONS IN SYNCHRONOUS MACHINES 

When an alternator is carrying load, the armature current produces 
an alternating current field, which may be divided into two parts. 
One part passes through the magnetic cimiii, and its effect is called 
armature reaction. The other part, called armature leakage field, 
docs not pass through the magnetic circuit. Its effect is called arinaturo 
leakage reactance. 

Armature Leakage Reactance. — ^The number of intcrlinkagcs 
between the armature leakage flux per unit of current, times the rate 
of change of the flux, is called the leakage reactance of the armature, 
The following method of calculating the armature leakage reactance 
was presented by P. L, Alger ^ before the American Institute of 
Electrical Engineers. 

For convenience in calculating the rcaetance, the armature leakage 
flux is divided into four parts: 

(1) The slot leakage flux, Fig. 143, which has its path through the 
slot and through the iron of the teeth and 
below the teeth, 

(2) The end-connection leakage flux, 
which encircles the armature coils at the 
end-eonnoctioiis. 

(3) The zig mg leakage flux, which has 
its path in the air gap, 

(4) The belt leakage flux, which has its 
path in the air gap. 

The slot reactance in ohms per phase, 
due to the slot leakage flux, is equal to the porracance of the path 
across a unit length of the slot, times the length of the slot, times the 
number of slots in scries per phase, times the number of eon duet ors in 
series per slot squared, times the rate of change of flux, times 10^^ 
ohms. 

The slot leakage flux path, Fig. 143, is partly through air and partly 

^ “The Calculation of tho Armature Roaetanco of Simclironous Machines,” by 
P. L. Alger, AJ.E.E. Trans,, Vol 47, April, 192S, p. 493, 
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, , 'I 

Fia. 143, 




^ iiu xuiiiui/iiiitiU ui tiiu i^iii 0 ui xiHG pOitn in tiio tjcctii Oiiicl 
yoke is negligible coinpnrocl to tho reluctance of the part in air; therefore 
tlie length of tho path of tho slot leakage flux is taken equal to tho slot 
width. TIio porineancc of tho path for flux (1), Kg. 143, interlinking 
all tho conductors per slot is 

. I 

0.47r — 

Wa 


J^or a pitch winding, for which the Gurronts in tho two coil sides per slot 
are indcntical in magnitude and phase, tho linkages per ampere produced 
b}'' the flux in patlis 2 and 4 are 


SlOs 


because, with uniform current distribution over the height di, the 
flux density distribution is linear and the linkage distribution is par- 
abolic; and the average height of a parabola is one-third its maximum 
height. Tho flux through path 3 links one-half tho total curront. 
The linkages due to it are therefore one-fourth as much as they would 
be if this flux linked all of the current. The linkages duo to the flux of 
path 3 are 


The total permoanco for the slot per unit length is 


0 Air 


(r- + - + T^)- 

\3jys Wa 12 w3/ 


For fractional pitcli windings, tho currents in the two coil sides in 
some of the slots arc not in phase, and tho expression for the slot perme- 
ance must be corrected to take tins into account. This is done as 
explained in the paper referred to above; thus tho final expression for 
the slot reactance per phase, 




10® m\ S, I L \3w, %oJ S 
L \iiVs wJ 


For dimensions in inches, the constant 0.79 must be changed to 2.0. 
Tho third factor in tho expression for tho permeance is generally so 
small that it can bo neglected. The factor IQ is shown in Fig. 144, 
plotted against per cent pitch. 



xiitj uiiu-cuaiiuui/iuii luaicHgt) rcaciance, 

^ 0.79flmN‘^[O.SO(3P - l)D8, 
lO^S, L v^l 


The ?Ag mg leakage reactance, 



The belt leakage reactance, 



Per Cent Pffcli 
Fig. 14‘1. 


for a machine with squirroheago winding in the polo faces and inLegml 
number of slots per polo per phase, 

A”. = ^ Xa.lKb 


for salient-polo synchronous machines without aquiiTol-cago winding in 
the polo faces and with integral numbor of slots per polo per phase, and 



2 


for saliont'-polo synchronous machines with fractional numbor of slots 
per pole per phase. The bolt leakage constant, /ft, is shown in Fig. 1^15. 



willi fractional niunbor of slots per pole per phase Avith diinonsioiis in 
inches, 

2 QflmN'^ 


Xi = 


/C 




(^+-) 

\Sws wj 


0,3(3P - 1)DS, 


pH 


+ 


0.53D/o^/.„=^ 1 

S,5 J 


ohms. (148) 
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Per Cent Pjfcfi 

Fia. 145. — Belt leakage conslanls, 

For machines witJi integral nuin))er of slots per polo and with squirrcl- 
cage winding in tlu) pole faces, 


X, - 


.4. 


2 Qflmm 
lOhS. 

(h , (lA , 0 3(3P - l)J)S, , 0 2mDfc%r 


.. + — j + 

610. W, 


pH 


+ ■ 


S,d 


ohms. (149) 


For inacliinos with integral slots per pole but without squirrol-cago 
winding in the pole faces, 

2 Ofbnm 


Xi 

K. 


107, S. 

A J M 0.3(3P- !)/)&'. 0.2()r)P/.%a 0,319P/c2/ASf./i:,, ' 
3w. in S.5 p2 5 


ohms. (150) 

Tho per cent reactance drop duo to full-load current equals 

Xil 




with two-layer windings and with the coils in 60° belts. 

The standstill reactance of a syiiGlironous motor with open field 
winding can be calculated by adding to the formulas given above the 
squirrel-cage reactance. 

The squirrel-cage reactance of a salient-pole, synchronous motor is 

rather difficult to calculate accurately, 
because of the unequal distribution of the 
current between the bars of each pole. It 
is divided into slot, end-connection, and 
zigzag leakage reactance. 

The slot reactance is calculated by 
assuming the bai‘s uniformly distributed, 
as in the case of a sciuirrel-cagc indue- 
The equivalent rotor slot reactance (see Fig. 146), 



tion motor. 


X.r - 




(h 

Sr 


( I 1 

10 WJn 


ohms. (151) 


If round bars arc used in the s(iuirrel-cugo, as shown in Fig. 147, then 
the rotor slot roacianco, 


- 


(ir.2) 

lO’i'. .S'. \ i».i/ 


The ond-connoclion reactance for the squirrol-ciigo winding is gen- 
dly small and will bo taken equal to zero. 

The rotor zigzag leakage rcactanco, 

ohms. 


The magnetizing roacianco of a synchronous machine, 


Then, 


2.0/hnArY0-3i9.W'D'-'?A 

107 , 3 . \ pH / 
2 ■ Oflrnm/O . 

107^3. V / 


ohms. 


ohms. 


(163) 

(16'l) 


The standstill reactance of a synchronous motor with open field 
winding is then equal to the sum of the stator reactance, as calculated 
by formulas 148, 149, or 150, plus the rotor slot and zigzag reactances 
given by formulas 151 and 154, 
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short- circuited through a resistance, to limit tho voltage induced in the 
field winding during starling. The standstill reactance of a synchronous 
motor with short-circuited field winding is equal to tho standstill react- 
ance with open field winding plus the field reactance, Tho total field 
reactance can be calculated as explained by H. H. Park and B, L. 
Iloberlson in their recent paper, ^ The Reactances of Synchronous 
Machines.” 

The squiiTcl-cago winding of self-starting s^mehronous motors is 
active only during tho starting period and must be designed to give tho 



Fig. 148. — Speed-torquo and speed Kva curves for 60-hp., 180-r,p,m, 
synchronous motor. 

required starting and pull-in torque, Synchronous motors will gen- 
erally pull into synchronism when the field excitation is applied, if tho 
speed is approximately 95 per cent of synchronous speed. Tho torque 
the motor 2^roduccs at this speed is called the pull-in torque. The speed- 
torque curve for a 60-hp, 180-r.p.m,, 2300-volt, 60-cyole motor is shown 
in l^g, 148. 

The maximum torque of the squirrcl-cagc winding will occur at 
starling or 100 per cent slip, if the equivalent resistance of the squirrel- 
cage winding is equal to tlie total reactance, Tho maximum torque 
will occur at 50 per cent Of synchronous speed, if tho equivalent resist- 
ance of the squiiTcI-cage is equal to 60 per cent of the total reactance. 

2 AJ,E,F. Trans, Vol, 47, April, 1928, Appendix F, p. 631. 
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must thcrcforo bo high, and for high pull-in torque low. The equivalent 
resistance of the squirrcl-eage winding of a synchronous motor is cal- 
culated by the method explained for squirrel-cage induction motors, 
page 306. 


R,=' 


10 « 


/ h, ,0 64 AA , 

+ -p^l 


When a high starting torque is required, the squirrel-cage resistance 

must be approximately 50 
per cent of the total I’cact- 
anco and for high pull-in 
torque approxiniatoly 25 per 
cent of the total reactance. 
To obtain both a high starting 
and a high pull-in torque with 
a low starting ciirrent, the 
double - squirrel - cage wind- 
ing’^ has often been used. 
Figure 1 49 shows a polo punch- 
ing with round bars for a 
dou ble-sq ui rixd-cago wind in g. 

Armature Reaction, — The 
curront tlowing in the arm- 
ature winding produces an 
alternating cuiTont tield, wliich 
paHH(’s through the magnetic 
circuit. The action of this 
armature tield upon tlic mag- 
netic circuit is called armature 
reaction. 

When the armature current is 90° out of phase with the induced 
voltage, the maximum ampere-turns of armature reaction, 



Fig. 149, — Pole piinelung for synchronous mo- 
tor with doublc-squiiTcl-cago starting winding. 


AT«- 


0 45mNIfcfro 
V 


(156) 


The equivalent field ampero-iiirns per polo arc found by multiplying 
ATa by the ratio of the fundamental of the (lux wave produced by a 


® “General Characteristics of Electric Ship Propulsion Equti)merils,” by E, I'\ 
W, Alexiinderson, General Electric Review, Vol. 22, April, It) 1 9, p, 230; “The 
Development of Low Starting Current Induction Motors/’ by P, L. Alger, General 
Electric Roviow, Vol, 28, July, 1926, p, 499; “Starling Pcrformmico of Syiichronoiis 
Motors,” by II. V. Putman, A.I.E.E. Trans., Vol. 46, L027, p, 39. 



1 u/iJUHtiiii3 jii. 111 , 1 ,^ wnon Its cixis coincicics witli 
the pole GcntGr, ,to the fundamental of the flux wave produced by the 
field winding. K. W. Wiesoman'^ has derived coeflicients by flux 
plotting for the calculation of the fundamental sine wave of flux pro- 
duced in a salicnt“po!e machine by the field winding and by a sinu- 
soidally distributed armature m.m.f. The ratio of the fundamental 
of the air gap flux wave produced by a sinusoidally distributed armature 
m.m.f . to the fundamental of the flux wave produced by the concentrated 
field winding is called the armature reaction factor, Kq. Dr. Arnold 
gives the following formula by which the armature reaction factor can 
Ijo calculated: 


Ka 


rfd + sin 7r/rf 
4 sin fa^ 


( 157 ) 


The air gap flux distribution factor, /d, is found from the flux plot as 
explained in Chapter X. 

The equivalent field ampere-turns per polo of armature reaction for 
salient-pole synchronous machines, 

0.45Ka^7lNIfcfu> 


AIV = 


V 


( 168 ) 


Short-Circuit Characteristic. — The short-circuit characteristic shows 
the relation between the field am pore- turns or field current and the 
armature ciirront when the generator is driven at normal speed with 
the armature terminals short-circuited. For the short-circuit condi- 
tion, the armature current is practicallj'^ 90° out of phase with the 
voltage, and the armature magnetomotive force has a domagnetizang 
action upon the field. The voltage induced in the armatui*o when 
short-circuited is 0([ual to the impodanco voltage, The field 

amporc-turns required to generate this voltage with the shoi’t-circuilod 
armature are found from the open-circuit saturation curve, Fig, 150. 
The armature, when short-circuited, 1ms a demagneiijiing action upon 
tlic field and BC, Fig. 150, is equal to the equivalent field ampere-turns 
per polo of armature reaction. If CD equals the armature current, 7, 
then D is one point on tlic short-circuit characteristic, which is a straight 
line for normal values of load ciUTont, OC equals the field amperc- 

^ “Graphical Botermniation of Magnetic Fields/' A.I.E.E, Journal, Vo!. 46, 
1927, pp. /i30 to 437. 

Wcchelstromteclmiok/' Vol. 4, p, 31, Julius Springer, Berlin. Sco also 
Principles of Alternating Current Macliinory," by R. R. Lawrcnco, Vol. 2, 2n.d ed., 
p. 107, McGraw-Hill Book Co., N. Y. 
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armature winding. 

In Fig. 150, OF equals the field ampere-turns required to generate 
normal terminal voltage at no-load. The ratio of OF to OC is called the 

shorl>'Gircuit ratio. This 
ratio is an important factor 
in the design of synchro- 
nous machine.s; it may be 
called the ratio of the field 
strength to the armature 
strength. A low short- 
circuit ratio moans a small 
air gap, poor regulation, a 
small amount of field cop- 
per, and, in general, an 
inexpensive field winding. 
On the other hand, a largo 
short-circuit ratio means 
a largo air gap, good regu- 
lation, a largo amount of 
field copper, and a more 
expensive field winding. 
A generator with low short- 
circuit ratio will require a 
Amp ere -Turns per Pole largo change in field cxciia- 

PiQ. 150 , tion for small load changes. 

Tlie field current necessary 
for synchronous goneratoi’s for full-load and unity iiowor factor is gen- 
erally 1.90 times the no-load field current when the short-circuit ratio 
is 0.65, and only 1,20 times the no-load field current when the short- 
circuit ratio is 1.40. For full-load and 80 per cent power factor, the 
field current necessary is generally 2.5 times the no-load field current 
when the short-circuit ratio is 0.C5 and l.GO times the no-load field 
current when the short-circuit ratio is 1,40. The short-circuit ratio 
determines the stability characteristics of generators to be operated 
with high-voltage transmission lines. For most hydro-oloctric gcii-i 
erators, the short-circuit ratio will be close to unity. In general, 
synchronous generators will have a short-circuit ratio from 0.60 to 1,40. 

The stability and pull-out characteristics of synchronous motors 
depend also upon the short-circuit ratio. When this ratio is large, the 
motor will have a high pull-out torque and, convei’scly, when small the 
pull-out torque will be low. Synchronous motors for direct connection 
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that will permit a suitable flywheel.^ 

Excitation for Any Load and Power Factor. — ^In Fig. 151 iho ordinate 
axis represents the armature current. The power factor circle is drawn 
with per cent power factor as ordinates and per cent reactive factor as 
abscissas. The vector OA shows the terminal voltage for a generator 
at 80 per cent lagging power factor. The induced voltage, 0(7, is found 
by adding to the terminal voltage the armature resistance drop, A By 
for a current of I amperes, in phase with the current and the armature 
reactance drop, BCy 
for a current of 1 am- 




<u 

Q. 



uJ 

pores, 90 out of phase _ 
with tlie armature cur- 2 ^ 
rent. 0i is the phase 
angle between the in- 
duced voltage and ar- 
mature current. From 
the open-circuit satu- 
ration curve, Fig, 152, ^ 
the field excitation for •§ 40 
the induced voltage 
is OD. The phase 
angle between the in- £ 20 
duced voltage and ar- 
mature current is some V ^ 
value between zero and 
90°; therefore, the ai- 
inaturc in.m.f. will 
have both a demag- 
netizing and a cross-magnetizing action upon the hold. In Fig, 
152, DF = ATa/ the equivalent field ampere-turns per polo of nrma- 


20 30 40 SO 60 70 80 

Per Cent Reactive Factor 

Fig. 151. 


® '^Synchronizing Power in Synchronous Machines,” by II. V. Putman, A.I.B.R 
Trans., Vol. 45, 1920, p. 1116; 'SSynchioiious Machines,” by It. E. Doherty and C. A, 
Nicklo, A.I.E.E. Trans., Vol. 46, 1927, p. 1; "Starting Performance of Synchronous 
Motors,” by II. V, Putman, A.I.E.E. Trans., Vol. 46, 1927, p. 39; '^Tho Flywheel 
Problem in Comprosaors Direct Connected to Synchronous Motors, ” by A, P. Stoven- 
son, Jr., Refrigerating Engineer, Vol. 11, 1924, p. 1923; "Flywheel Requirements 
for Unbalanced Air and Ammonia Gomprossora, ” by C. W, Cutler, Refrigerating 
Engineer, Vol. 12, 1925, p. 75; "Synchronous Motors,” by W. T. Berkshire, Gqnornl 
Electric Review, Vol. 23, Feb. 1920, p. 112; "Variation of Alternator Excitation 
with Load,^^ by F, D. Newbury, The Electric Journal, Vol. 16, p. 263; "Stability 
Cliaractoristics of Alternators,” by 0. E. Shirloy, A.I.E.E, Trans., Vol. 46, 1926, 

p. 1108. 
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ATo/ isin GP ^ ATc,/ cos and OF - OF^ are the Bold ampere- 



turns per polo re- 
quii’Gd for an anna- 
tiire current of / am- 
peres at 80 per cent 
lagging power factor. 

The regulation of 
constant potential 
alternators is defined 
by the standards of 
the A.I.K.E. as the 
rise in voltage (when 
the rated load at 
specified power factor 
is reduced to zero) 
expressed in per cent 
of rated voltage. In 
rig. 162 the per cent 
regulation for full- 
load at 80 per cent 
power factor 

rn - OA 

HA 


Ampere-Turns per Pole 

Fio. 152 . This method of 

construction can also 

be used to dcterniine the excitation required for a synchronous motor 
for any load and power factor* The construction is the same as shown 
in Fig, 151, with the exception that the resistance drop is subti’actod 
from the terminal voltage and not added as in the case of a generator. 
(See sample synchronous motor design.) 

Field Winding Design. — It is apparent from Figs, 151 and 162 that 
the field excitation required for a generator for a given load and voltage 
increases with decreasing lagging power factor. Modern synchronous 
generators are rated in Kva at 80 per cent lagging power factor, The 
field winding must therefore be designed for the excitation required for 
rated load at 80 per cent lagging power factor. The section area of the 
conductor for the field ^vinding, 




ATP/L/p X 0 826 
Es X 10» 


sq, in. 


(169) 
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the field winding. The standard exciter voltages arc 125 volts for 
rnGdium- and sumll-eapacity 
machines and 250 volts for 
largo- capacity machines. 

The field winding should 
be designed for a voltage 
E/f from 15 to 20 per cent 
loss than the exciter voltage 
to allow for the drop in volt- 
age between generator field 
and exciter and to allow for 
variations in the reluctance 
of the magnetic circuit. 

The wire-wound field 
coil is generally used for 
inacliincs with a small num- 
ber of poles. Figure 153 is 
a sketch of a pole with wire- 
wound field coil and shows 
how the coils are wound and 
insulated. The coils arc gen- 
erally wound in steps, be- 
cause of the large clearance 

between adjacent poles at the polo shoo. The weighted mean-turn for 
the coil shown in Fig. 153 is calculated as follows: 



Fig. 153. — Wire- wound field pole. 


= 2li + 2(ir„ - 0,25) + ir(0,45 + 2di) 

Lj, - 2li + - 0 25) + 7r(0.45 + 2 ^ 2 ) 

L/3 - 2li + 2{Wj, - 0.25) + 7r(0.45 + 2d3) 






(160) 


For machines with large number of poles, the field coils are generally 
wound with bare strap copper wound on edge, with paper insulation, 
0,005 in. thick, between turns. The method of winding the coils is 
shown in Fig. 164. For very large-capacity machines with wide pole 
body, the coils arc wound as shown in Fig. 165, The length of the moan- 
turn for the type of coil shown in Fig. 154, 

L/ - 2{li -- 1.0) + + 0.20 + ds) in. 


(161) 


required ampere- turns without an excessive temperature rise 

field current can be estimated by asi 
the current density; then 

if = S/A/ amperes. 

For revolving field type s^mehronou 
chines, 

A/ = 1500 to 2500 amperes per sq. 

For wire- wound field coils with a large 
her of turns of fine wire with deep wir 
the lower values of A/ apply. In gone] 
may bo taken equal to 2000 amperes i 
in. for the first approximation. 

The turns per pole, 

ATP/ 

V = — r — .* 

y 

Fra. 164.--Ribbon-«oppor Tlio correct value for the number of 
woimd field polo. will depend upon the temperature rise v 
in turn, depends upontlio losses and the c( 
surface of tho field coils. A high temperature rise indicates too 
a number of turns and a high current density, whereas a low lorn 
tiiro rise indicates too large a number of turns and an uncconoraiei 
of field copper. 

An approximate check of tho tomporaturo riso of tho fiold wii 



Fia. 166. — Ribbon-copper field coil for 66,000-Kva, 107-r.p.in., 28-pole genon 


can bo obtained from the cooling surface i>cr watt loss. The t 
cooling surface for the field winding (see Figs. 163 and 154), 

S/ = 2(df + h/)L/p sq, in. 



0 




■ sq. in* per watt* 


(1&4) 


S/ _ 2(rf/ 4~ h/)L/P , 

Wf i/Rf 

For rovolving-fipldj synchronous generators with wire-wound field coils, 
tlio surface per watt should generally bo larger than 1.0 for the maxi- 
mum condition of load for the field winding, full-load 80 por cent power 
factor. For bare strap-copper field coils, the surface por watt loss 
should generally bo larger than 0.75. 

The resistance of the field winding at 75® C., 

„ L/t/p X 0.820 , 

R/ ~ : r;. — ohms. 


The copper loss, 

W, 

The exciter capacity, 

IFo- 


s/ X lO® 
i/R/ watts. 


kilowatts. 


Rf X 10» 

TliQ weight of copper in tho field winding, 

0/ = Ir/t/ps/ X 0.321 lb. 


(165) 


Sample Design: Field Winding Design . — Tho data required for 
tho calculation of tho leakage rcactanco are as follows : 


/= 60, 

I = 17.6 in., 
7)1 = 3, 

N = 22'1. 

S = 330, 


K. = 0.88, 
di —2 . 56 in., 
d 2 — 0 . 26 in., 
u>s = 0.'16G in., 
P = 0.867, 


D = 100 in., 
p = 32, 

= 0.975, 
/«, = 0.956, 
S = 0.406. 


Formula 148 must bo used, because tho armaturo winding 1ms a 
fractional number of slots per polo per phase. 


V3 X 0,456 0 

0,3(3P - 0.30(3 X 0.857 - 1)100 X 330 


pH 

o.mDfc%^ 


322 X 17.5 

0.63 X 100 X 0.9782 X 0.9562 


S,s 


336 X 0.406 


= 0.882 


0.337 


Xi = 


2.0SlmN^ 


107 , 8 , 

2.0 X 00 X 17.6 X 3 X 22^12 
. 107 X 336 


(2.13-1-0.882 + 0.337) 

(2.13 + 0.882 + 0.337) = 0.315 ohm. 



me per ceiiD reacwiiiee urop oue lo luii-ioaci current. 


IX, X 100 
E 


0 315 X 600 X 100 
1390 


= 13 6 per cent. 


if 


The resi.stancc of the armature winding is given on page 205. Tim 
per c<?nt resistance drop due to full-load current, 


Ilia X 100 
E 


0 0247 X 100 X 000 
1390 


= 1 07 per cent. 


The per cent impedance drop, 

IZa X 100 / ; 

— =V13.6“ -1- 1,07" = 13.65 per cent. 

lii 


The equivalent field ampere-turns per pole of armature reaction for 
full-load current, 


ATa/ = 


0A5KamNIfrf,a 

P 


^ 0 45 X 0 852 X 3 X 22-1 X 600 X 0 075 X 0 056 
~ — 

= 4500 ampere-turns. 


The short-circuit characteristic is shown in Kg. 156 and is deterinintid 
as explained on page 223. The short-circuit ratio, 


ATP, 

ATP, 


6730 

5370 


1 25. 


This value lies within the limits given on page 224 and will bo satis- 
factory unless stability requirements necessitate a lower value. The 
short-circuit ratio can bo reduced by decreasing the length of the air 
ga|), theioby reducing the nmnber of ampere-turns required to generate 
normal voltage at no-load. 

The ampere-turns per pole required on the field winding for full- 
load at 80 per cent lagging power factor are found graphically, as 
explained on page 225. The constinction for the sample design is 
shown in Fig 156 for unity and 80 per cent lagging power factor. For 
unity power factor full-load, 



ATPioo = 8800 ampere-lfirns 


ATPso — 11,400 ampere-turns. 

Thpsc valuos can also bo calculated as explained in Appendix C of 
the paper by R. E. Doherty and 0. E. Shirley J 

The regulation at 80 per cent power factor (see Fig. 156) 





Fio. 15G. — Opcn-circuit and short-circuit characteristics. 


and at 100 per cent power factor 

= 114.3 — 100 = 14.3 per cent. 

Tho length of the rnean-lurn for the field winding jnust first be 
eslinialcd. The bare strap-copper field winding, shown in Fig. 154, 
will bo used for this design. The length of the moan-turn for a copper 
strap 1.25 in. wide, 

Lf = 2(1, ~ 1.0) -(- xiwp + 0.20 -h df) 

= 2(17 6 - 1.0) + ir(4.0 -h 0 20 -f 1 25) 

= 50.1 in. 

' "Rcaotanco of Synchronous Machines and Its Applications,” A.I.E.E. Trans. 
Vol. 37, Part 2, 1918, p. 1293. 


xnu seouion-arca oi tne conductor, 


a, 


ATP8o/v/?> X 0.826 


E{ X 10° 


11,400 X 50.1 X 32 X 0.826 ,, 

’ nolooi 0.137 



From the skotcli, Fig. 167, the 
space available for tlio field winding, 

hf = 5.75 in. 


A conduelor 0,109 in. X 1.25 in., 
area 0.134 sq. in. is soleclod from 
the copper table. The insulation 
between turns consists of paper 
0.005 in, thick. If 0.006 in. is 
allowed for buckling of the con- 
ductor in the process of winding, 
then the total space occupied by 
one turn = 0.005 + 0.006 + 0.109 = 
0.119 in. The number of turns that 
can bo wound on each polo, 

5,76 

tj “ rTTT = 48. 


0.119 


Fia, 167. 


The field current for full-load and 
80 per cent lagging power factor, 


V 80 = 


ATPgo 11,400 


48 


= 238 amperes, 


and the cuiTonfc density, 
238 


A/ = 


0 134 


= 1775 amperes per sq. in. 


The resistance at 75° C,, 

Iy</p X 0.826 


12 / = 


s, X 10» 

60.1 X48 X 32 X0.826 


0.134 X 10« 


= 0.474 ohm 




i 
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TF/ = 2382 X 0.474 = 20,900 watts. 

The radiating surface, 

S/ = 2(d/ + h/)L/p 

= 2(1.25 + 6.75)50.1 X 32 = 22,600 sq. in. 
and the surface per watt loss, 

Sf 22,600 ,, . 

Tlie voltage drop in the field winding for the full-load 80 per cent 
lagging power faetor field current, 

2?/ = 238 X 0.474 = 113 volts. 

The maximum field current for 120 volts across the field winding, 
allowing 5 volts drop in exciter leads and brushes, is 

120 .oro 

VmaK. =■ = 253 amperes. 

0.474 

The exciter capacity, 

IF = 126 ^ 

lij X 102 0.474 X 102 

— 33 kilowatts. 

The weight of the field copioor, 

G{ =* L/tfj)S/ X 0 321 

= 50.1 X 48 X 32 X 0.1.S4 X 0.321 
= 3310 lb. 



CHAPTER XIV 


LOSSES, EFFICIENCY, AND TEMPERATURE RISE 

Tho losses in synohroiious machines aa’o; 

(1) Copper losses in armature and field winding. 

(2) Field rheostat losses. 

(3) Coro losses. 

(d) Mechanical losses; bearing friction, and windage. 

(5) Stray load Josses. 

Armature Copper Losses. — The method of calculating the armature 
resistance is given on page 200. The armature copper loss, 

Wa = PBaM watts. (166) 

The A.I.E.E, Standards specify that the copper losses arc to be calou- 
lated for a temperature of 75^^ C. for all loads; therefore, Ra must bo 
the armature resistance per phase at 75"^ C. The armature current 
varies directly with the load for a given power factor; tlieroforo Die 
copper Joss will vary as tho square of the load, 

Field Copper Losses. — TJic resistance of tho field winding is calcu- 
lated as shown on page 229, and the field current for any load and power 
factor is determined as explained on page 225. The loss in the field 
winding at 7S^ C., 

Wf = v^R( watts. 

A field rheostat is generally connected in series with the field wind- 
ing of synchronous generators. Unity power factor synchronous 
motors are often operated without a field rheostat; the field winding 
of tho motor is then designed to give tho required field current when 
normal exciter voltage is applied. Wion a field rheostat is used, the 
rheostat losses must be included when calculating tho efficiciiey. The 
total losses in the field winding, field copper plus rheostat losses, 

TT^ + TT'^r - ifE^ watts. (107) 

Core Losses. — The losses in the armature core consist of the 
hysteresis and eddy current losses in the teeth and yoke and the 
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lace and surface of iho arnialure tooth duo to the flux pulsations in 
the air gap produced' by the armature slots, losses duo to punch*- 
iiig and bonding strains in the laminations, losses duo to imperfect 
insulation between laminations caused by burrs or slot filing, and losses 
in tlio end-frames duo to stra^^ fluxes. 

The mothod of calculating core losses for direct-current generators 
and motors can also bo used for s^mchronoiis machines. Tlie curves 
ill iho Appendix give the loss per iiound per cycle duo to the fundamental 
frequency flux for various grades of sheet steel These curves were 
obtained from tests of samples in accordance with the standards of the 
American Society for Testing Materials. 

The armature cores of small and medium she machines arc generally 
built up of an open-hearth electric sheet steel with very little or no 
silicon and in thickness from O-Ohl to 0.019 in. For machines witli 
large armature cores, tlio core losses can bo materially reduced by using 
a sheet steel alloyed with silicon. The following quotation from a 
recent A.I.F.E. paper ^ bears this out: 

''To illustralo tho reduction in eoio loss that results from tho use of tlioso higher 
gmde ntools, jf tlm loss in non-sdicon steel is I’cpresonlod by 100, the loss Avith 2 per 
cent silicon steel will bo 70, and 45 witli 4 per cent silicon steel. 'J'ho use of 4 per cent 
silicon steel improves tlie eificieney slightly more than 1 per cent of full load, and 2J 
])er cent at lialf load, as coinpai’ed with tho efncioacy of machines using non-silieon 
slcol. When this steel Is used, tho core loss is reduced from 50 per cent of the total 
loss to 30 per cent of the total Joss.'' 

The additional losses arc difficult to calculate and vary over a wide 
range for machines of the same type. The total core losses for syn- 
chronous machines arc generally from 1.8 to 3.0 times tho sum of the 
losses in the tooth and yoke duo to the fundamental frequency flux. 
The multiplying factor should bo determined from tests of machines 
of similar design, When such data arc not available 2 to 2.5 may bo 
used. 

Friction and Windage Losses. — The loss due to bearing friction can 
1)(^ calculated ^ Avhoii the dimensions of tho bearing, tho peripheral 
speed of tlic shaft at the bearing, the load on the bearing, and tho 
coefficient of friction aro known. The windage losses are vciy difficult 
to caloulato and depend largely ^upon the type of construction. Tho 
combined friction and windage loss is therefore generally taken from 
tests of machines of the same construction, When such data arc not 

^ 'Ulocent luiprovoincnLs in Turbino Gonorators, " by S. L. Henderson and C. It. 
Hodorherg, AJ.B.IS. Trans., Vol. 47, No, 2, p. 549. 

2 Hco footnoto, page 118. 
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will wuluilgo loss mil}'' 1)0 ostiniatec! with the 

help of the curves, Figs. 158 and 159. 



Kiiow-a'Vts FricVion and Windage Loss. 
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i.uiui-cc imvr ucuii luunci to occur on Jarge-capacit^^ inaciuncs^ 
causocl by currents flowing between shaft and bearing. The designer 
of largC'-capacity generators and motors must Lake the proper pre- 
cautions to limit to a negligible value the current between shaft and 
bearing. Careful studies have boon made to determine the origin and 
method of preventing shaft currents. T)\o results of tlioso investiga- 
tions have been published in various teclinieal journalsr*^ 

Stray Load-Losses. — The Standanls of the A.l.E.K. define the stray 
load-losses as follows: These include iron losses and eddy current 
losses in the copper, duo to fluxes varying with tlic load and also satu- 
ration/^ 

For lai’ge machines, the edd^'' current losses in the copper arc large 
because of the largo conductor sections and deep slots. b^’or these 
reasons, most largc-capacit}' machines arc now being built with trans- 
posed ^ conductors in tlic annatiire coils. Largo conductor sections 
must therefore be avoided in armature windings and the conductors 
built up of a number of small wires in parallel. 

It is cliflioult to calculate tin; stray load-losses accurately; they 
must therefore be assumed based on tost values from machines of similar 
design. From the short-circuit lest specified in the A.I.E.E. Htandards, 
the ofToctivo alternating-current armature resistance can bo found by 
dividing the total loss on short-circuit, after deducting the friction and 
windage loss, by the curJ'ent sqiuirod, If this resistance is used to 
calculate the armature copper loss, the result will be PH plus stray 
load-losses. Dr. ArnolcD'’ states that the effective alternating -ciUTont 
resistance is generally from 1.5 to 2.5 times the rosistanco measured 
b}'' direct current in single-phase machines and 1.3 to 2,0 in polyphase 
machines. 

Efficiency. — The efficiency of a motor or generator is the ratio of the 
output to the output plus all the losses. It is generally expressed as a 
percentage as follows: 

Kva Output X PF X 100 

^ •" (Kva Output X PF) + IFy + TKr + 1F« +TF/„+ TKc 

For engine-typo generators and motors to bo direct coniioctcd to 
steam or intonial-coinbustion engines, or air or ammonia eomprossors, 
tho oJectrical niannfacturor does not furnish tho bearings, and the 

® See footnote, page 154, 

^ '‘RoclucLion of Armature Copper Losses,’^ by J. IT. Summers, A.I.E.E. Journal, 
Vol. 40, May, 1927, j). 451; ^‘Transposed Armature Coils in Alternating Current 
Gonorators, by S. L. Henderson, Electric Journal, 701, 23, July, 1920, p. 348, 

“Die \YochseIstroiTiteolmik,*^ Vol. 4, p. 64, Julius Springer, Berlin. 



ttuu vviiluagc lossos arc not included when calculating the 
^Ricioncy. 

When specifying the ofliciGney of oloctric machines, it is important 
specify by what method tlie ofFiciency is to be dotermined, because 
variations ® in olliciency are obtained b 3 '' various methods, 

The curves in Fig. IGO show the approximate fulUoad efficiency 
exciter capacity for high-speed, luiit^'' power factor, S 3 mchronous 
i^'ioLors, for voltages including 2200 volts. The approximate full-load 
<3fTicicncies for unity power factor, 50°-rated, engine-type synchronous 
motors is shown in Fig. 16i. The approximate efficiency of standard, 



J'lO* ICO. — Approximate full-Ioafl eflieienoics and exoifcor capacities for GO-cycle, 
unity power factor, aynelironous motors, 

if^^-ratod, synchronous gonoraiors is shown in Fig, 1G2 for fiilHoad at 
,00 per cent power factor, "riio exciter capacities required are shown 
n IFig. 103. 

Temperature Rise. — The losses in the armature copper and core 
jWcl in the field winding are converted into boat, which increases tlio 
oiTiporaturo of the inachino above that of the surrounding air. The 
of the final iemporaturo depends upon the heat capacity of the 
^rxrioua insulating materials used and upon the rate at wliich lioat is 
oiicluctod througli tho material to the cooling medium. Tlio final 

f> ^ Oom])arison of the EUieienoy of Mynclironoiis Rlndiinos as Detonnined by 
"fxriotis Rrothoda," by P. L. Algor, Gonoral Mectric Review, Vol. 29, Nov., 1926, 
. T05-'771. 
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equal to Iho mte at which the heat is diasipatecL Tests on various 
kinds of insulating materials have shown that for each iniiterial there is 
a safe continuous operating temperature which can not bo exceeded 
without impairing the life of the material. The maximum continuous 
operating temporaturo specified by the American Institute of hllectricai 
iiliigincers for synchronous machines are given in Tables XVIII and XIX. 



Ficf, 1Q3, — ApprONimaLo nxcilor oapaeities for OO-oycIc, 80 por font powor factor, 

Balioiit-polo genorators. 

Tlu^ temporaturo rise of each of the various parts of steam turbine 
generators, above the temporaturo of the cooling medium, shall not 
(^xccKsd i\m values given in Table XVIII and for saliont-polo motors 
and gonoralors, the values given in Table XIX. The teinpcraturos 
filiall be (lolorinincd l^y the methods specified in the tables. 

Tho various kinds of insulating materials included in Iho different 
chiHSOs referred to in the tables arc given on page 122^ Chapter VII. 

Tho output that can bo obtained from a given frame may or may not 
bo limited i}y tlio safe operating toinpcraturo. For salient-polo syn- 
chroiiouH jnaelhnos of the revolving-field type, satisfactory ventilation 
of tho armature winding can generally bo obtained; and operating 
ohamctoristics, oflicionoy, regulation, etc., may bo the limiting factors 
rathor than tomporaturo. Tho designer must, however, make ample 




TAHLiU XVill"' 


Limiting Tempmuaturn Rises for Steaji Turbin k 
Driven Ai/i'ernators 


Item 

Description of Pai t 

Method of 
'remperatut o 
Dotorinl- 

Limiting 

''rcinporutiUre Rise 
in Degrees C’cniignulo 

nation 

Required 

Class A 
Insulation 

Class P 
Insulation 

1 

Insulated iinniitiue windings on sta- 
tors of machines of 750 Kva and 
below. 

Thoimometer 

50 

70 

2 

Insulated armntiue windings with 2 
coil sides per slot on stators of 
machines above 750 Kva, 

IJinbcddcd 

detector 

00 

80 

3 

Insulated field windings. 

1 

Resistance 


90 

4 

Collector rings (The class of insula- 
tion icfers to insulation affected by 
the heat from the collector rings, 
wdiich insulation is einpJo3'’cd in 
the (5onst motion of the collector 
lings or is adjacent thereto). 

Thorniomotcr 

05 

85 * 

5 

Cores and mechanical parts in con- 
tact with or adjacent to Insulation. 

Thermometer 

50 

70 

6 

Miacolianeous parts fsiich ns bnislilu 
than those whoso temperatures alTi 
malorial, may attain such tomporat 

3l(Iers, brushes 
eel the fccmpoi 
uros iis will nol 

, pole tips, 
■atiire of the 
i bo injurioui 

etc.), other 

1 insula ling 

3. 


+ A.I.E.I3. Sfca»(lanl8 No, 7, July, 102f>, pp. 8 niicl 0. 


provisions for ventilation in larg'O-capacity macliinos to avoid looal hot 
spots. The radiating surfaces are usually quite largo for slow-spcod 
maoliines, and the problems of temperaturo control are gonorally less 
difficult than for high-speed machines. The field windings of high- 
speed machines are particularly difficult to ventilate properly. 

"Recent Improvements in Turbine Generators," hy»S, L, Iloiiclerson and C. R. 
Soderberg, A.LE.R Trans,, Vol, 47, No, 2, p, 649, "The Multiple Path Radial 
Ventilation of Largo Turho-Altoraators, " by M. D, Ross, Elcctne Journal, Vol. 21, 


I 



6 









lAllliW AJA ^ 


Limiting Tempeiiatuiiic IIisks iron Synchro nous Machinks otiirii 
than St ram Tcurink Duivicn Altrunatoks 


Itcjn 

1 

1 

1 

Desoription of Part 

Method of 
^remporature 
Deieimi- 

Limiting 

Tomporatiiro Rise 
in Degrees Centigrade 


nation 

Required 

■ Class A 
Insulation 

Class B 
Insulation 

1 

rnsulatod annatiiro windings wilJi 2 
coil sides ])or slot on stators of 
inucluncs of 1,500 Kva and below 

Tliorniometor 

50 

70 

2 

Insulated armature windings with 2 
coil sides per slot on stators of 
mad lines above 1500 Kva* 

Emljoddctl 

detector 

GO 

SO 

3 

Insulated Held windings 

Kesistanco 

00 

SO 

4 

( Villi'Otor rings ('I'ho class of insula- 
tion refers to insulation aft'oeted by 
the heat from the collector rings, 
wliieh insulation is employed in 
the construction of the collector 
rings or is adjacent thoroto). 

'rhorniomctei 

o.") 

1 

85 

/) 

('ores and moclmmeal parts in con- 
tact with or ailjacont to Class A or 
U inRulation, 

Phermoinoter 

50 

70 

0 

Amortisseiir windings may attain 
such temperature as will not occa- 
sion moclianical injury to the 
macliino, 




7 

JMiscellaneoufl parts (sueli as brush! 
than those whoso toinporatiires al 
material may attain such temporat 

loldors, brushc 
Toot the tempi 
arcs as will no 

fs, polo tips, 
srature of t! 
t bo iiijuriou 

etc.) other 
10 insulating 
s. 


J* A.I.K.E. Btfimlarcls No 7i July, 1026, pp. S and 0, 


Dqc., 1024, p. r)40. "Tompoi’fltijrcs in Largo Alternating OonomtorB/* by W. J, 
Foster, General Flcctric Roviow, Vol. 23, .Tuly, 1020, p. fiOO; General Electric lloview, 
Vol. 23, Feb., 1020, pp, OO-IOS and 14.7-1/52. Sec also roferonccs, page 123. 
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the jjol’iinotor of tlio core section, plus one surface for each duct (see 
Fig. 1G4), 

S„ = ^(/)o2 - 7J'){2 + 7u) + nl(D + Do). (1G8) 


The losses that must be dissipated by this surface arc the core loss and 

; 



Firt, 104, — Section of armatnro corn showing rndiating fiiirface,s, 

tho arraattii'G copper loss for that part of the armature coil oni bedded 
in tho slots, 

Tho radiating surface per watt loss, 


W 


^{Z)o2 ^ /J)2)(2 + na) + + D) 

IF, + wj^ 


(169) 


For a temperature rise not to exceed 50° C,, tho radiating surface per 
watt for the armature should generally be greater than 0.70. 

Tho method of calculating tho radiating surface for tho field winding 
and tho safo values for tho surface per watt loss havo been given on 
page 229. 

Sample Design: Losses^ Efficiency j and Temperaturo Rise , — Tlio 
armaturo resistance is given on page 206. The copper loss at fulHoad, 


Wa - - 6002 0.0247 X 3 

= 26,700 watts. 



^ aiiu uuiuy puwur lactor, 

ATPioo — 8800, and the field current (see Pig, 156), 


y- 


8800 

48 


183 amperes. 


Tlio field copper loss plus rheostat loss for full-load at unity power factor, 
W/ + Wt = 183 X 125 = 22,900 watts. 

The average armature tooth width, 


W(o 


^r(P 4- ( 1 ) _ _ 7r(100 -h 2 88) 

B 336 

0.605 in. 


0.466 


Tlio weight of tlio armature teeth, 

Get = v)ta{l — n<m>a)kiSda X 0.278 

~ 0.505(17 5 - 5 X i)0 93 X 336 X 2.88 X 0.278 
« 1890 lb. 


The weight of tho armature yoke, 


Oo^ « - (D + 2(/.)2](l - n.m)ki X 0.278 

«= Jil22 - (100 + 2 X 2.88)2](17.6 - 6 X i)0.93 X 0.278 
« 4200 lb. 

Prom tho iron loss curve in tho Appendix for 2.5 to 3.0 per cent silicon 
stcol, tho loss por pound por cycle for tho tooth density, Bi, == 101 kilo- 
linos per sq, in,, is equal to 0,0417 watt. The loss in the armature 
tooth duo to the fundamental frequency flux, 

Wet “ 0.0417 X 1890 X 60 == 4730 watts. 

The loss per pound por oyolo for tho yoke density, B^a = 66 kilo-linos 
per sq. in., equals 0.0116 watt, and the loss in the yoke due to the fun- 
daraontal frequency flux, 

Tfe„ = 0.0116 X 4260 X 60 = 2950 watts. 

Tho total Coro loss, 

Fc = (4730 + 2950)2,0 « 16,360 watts. 

Tho frioUon and windage losses are taken equal to 16,000 watts, from 



x^ji vKibiuui waLmvneoi gonomtons with opon 

onchbrackcts. 

The stray load-losses are ostiinaled at 30 per cent of tho iinnatui‘e 
PR losses. The efficiencies and losses for unity power factor for various 
loads are given in Table XX. 


TAIiUi: XX 

Lossra and ]*>picii:n’Cies 


Loud 



1 

4 

1 

2 

1 

7 

i 

1 

r, 

4 

Arinatuic PR j)lus sfiiiy lo:ul- 

lORSPS. ... 

2 17 

8 58 

10 00 

31 70 

Cl 20 

Field los={ea ... 

IS 85 

20 so 

21 GO 

22 90 

2 J.20 

Coro losses . . 

lo 3(5 

15 30 

•15 35 

15 35 

15.35 

FncOon and winrhij^c losses . 

15 (10 

15 00 j 

15 00 

15 00 

15,00 

'^I'otal loRHO'} 

51 38 

r.9 s t 

71 GO 

87 05 ' 

108 75 

Output . 

025 00 

1260 00 

1875 00 

2500 00 1 

3125 00 

Output and losses. i 

070 38 

1300 34 

lOKi 50 

2587 95 

3233 75 

FfTicieney, per cent. 

02 10 

95 50 

00 30 

95 no 

95 50 


The radiating surface of tho ariiiature, 

S, = -(W - /^-)(2 + n,) + ^l(D + A)) 

4 

= 7(1122 _ io02)(2 + 5) + ttI? 5(J0() + 112) 

4 

= 25,650 sq, in. 

Tho radiating surface per watt loss for full-load, 

^ = 0.78. 

Tf 17 50 

15,360 + 34,700 X — 

The radiating surface and surface per watt loss for the field winding 
are given on page 233. 
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r } KNi«]ii ATc ) u- Ai cTc::: 

Kvn 2fiOO V«U‘i2IOO PliaHo 3 Atri|i(j|o>i flOO Cy-oU's 
U j>,m , 22, "j Ivvii /r p ui , 11 I Output roii8(iuil, 1 (11 X l^i 

AtiM\rujn. I 


Polos 32 


AtiM \rujn. 

•Shoot flteol 

OutRulc (iiuiuotcr 

CtH]) ilinmctor 

Total icii^tli 

DlicIhj Tuinilmr uihI ei/o 

Ctrosfi loiiKth 

Effovtivo k'UttU) 

Rlotfl poi polo pel pliUBo , 

Total ntiTuhor of bIoIh 
T ypo of uiii(lio|j 
C/P I'uvift pcY pbim 
Coll tin ow 

Per rent pitcli . . 

Ct>mUiolo¥rt. 

IVr Blot 

JliiiionHioiiB . . . 

Aron _ ... 

In not icH per ptuino 
Total . . . 

Current doiiBilv 
LouKtli, oiip-linir mcnti'turti 
lIpaiHtniU’o por phnHo, (.' 
JlcHJHlanre per phnno, 7 <j'’ C , 
koHmluiivo tUnp, m>U'i 
lli'Hifttiiiii'p chop, jior font 
lionet niico clro|>, votts 
llDac'tancn clroii, pci' ooiit . 
IniprclaiK'O drop, vcilts . . 

Imp(>dnn('o drop, per rent 
Armature loaetinUp AT per pole 
Arnialuro roiiotion, factor 
Arjuntiiio i motion, ci| Ihl. AT 
Rcpiaro inolioH por watt 
Ampt'ro cooduotorH, lolnl 
Ampere oondurtora, per itioli , 
Short eirou It rail o. 

rm 

Kvw 

ATPiflo . ... 

ATl\o . . 

UoKulntion, 80% PF 

Uojpiliition, 100% PF 


0 OU-2 r)% Si. 

112 0 
100 0 
17 f) 

irio 

110 

3* 

330 

2 layer alur 
SlotH I mill 10 

. - 8o 7 


0 111) XO 270- 1 
IX0 032,'j 
.. 221 
.. 1320 
. . 2.310 

3 I OS 
0 0207 
0 02 17 
. UH 
. 1 07 

IMl 0 
13 0 


U— 093S >1 



Total ail pup lemrth , 2X0 103 

llotor ilmnieler PP t8h 

Ter iph ora 1 apepd ASK) 

Polo pUch . , h 2 

Polenie . (j 7,-j 

MntormI spJflor Hulled atoel 

Dumper I ml a per jiolu 
Si70 o( hnr 
Mntprial of Imr 
Section ernl-niifc . 

Alatonal (iiid-nnK 

Air j?ii]> floeflieuint , 1 08 

I'JfTcetiyo length «/ «up 0 13!) 

Imakaj40 eonatunt 1 3r> 

fu, 0 oGa, fi, 1.11, /«., 0 (.m, <\ , 0 72a, a, o 075 

Total lliix, 23 1,000 K fj Klux per polo, 1870 K L. 



See- 
\ km 

Den- 

nUV 

1-oiiKtli 

TiiniB 

All Klip 

5100 

-15 8 

1 08 XO -100 

0280 

'Foe III , 

2320 

101 0 

2 88 

101) 

Armaturoyulvo 

87 

50,0 

5 31 

14 

Pok» 

1 

tt3 0 

7 00 

217 

Fiolc) yoke 
'rutnl nmporu 
tui nu per 
pol 0 

1 101 

j 

0.1 0 

■ -1 05 

1 

2-1 

0731 


0 101) XI 2/3 
•IS 

Maximum, 2A3 
r>U 1 

... 0 3!)S 

.. 0-171 

Maximum, 120 
axiniuin, 30, 100 


Si/e of romluotoi 
3’uinH por pcilo . . 

Ampeiec no lond , 1-10 

lionutili of mm u-turn 
llrsiHtaneo, 25° C 
UfBistnneoi 75° C 
/// tio-luiid - . , 35 8 

JiJt no-lond , 7820 iMi 

Hiiuaie inch per watt imiximiim 
Kvu 

Power fiietor 

AniiieiCH 

Tif 75° a 

mi 75° C 

Rcpiarc iiieh pcT watt 
VXeitcr voltnim ... 

Exciter cujiacily 


FuT,i.-ri(> vj> Hohhls, 100% P F, 


Friction (IihI i\ intUiRO . . 

. i5,nno 

Coro. 

15,300 

Stray load 

8 oon 

Armature copper 

2fl,70O 

I'lcld copper and rhcuHtafc , 

22,1100 

Total Jo-iHca 

87,000 

Flywheel elToot 

. 5(13,000 iMt 2 

WuroiiTa 

Armature copper 

1010 0 

Field copper 

33in.n 

Armature trctli 

1800 0 

Artnaturo yoke 

1200.0 

Field poles 

-1300 U 


limn nr kar Vertical AVn ter- wheel Type 




CHAPTER XV 


SAMPLE DESIGN OF SYNCHRONOUS MOTOR 


To design a synclu’onous motor, calculate the Kva input and proceed 
as for a generator. The input, 

hp X 0.746 


Kva = 


eff. X PP 


Design of 200-Hp Synchronous Motor. — The motor to bo designed 
is to have the following rating: 200 hp, 440 volts, 3-phase, 60 cycles, 
900 r.p.m. It is to be a self-starting synchi’Oiious motor for direct 
connection to a centrifugal pump and is to operate at 100 per cent 
power factor at full-load without field rheostat. The temperature rise 
for continuous full-load operation must not exceed 60® C., and the full- 
load efficiency must not be loss than 93.3 per cent. 

The input, 


Kva = 


hp X 0.746 _ 200 X 0 746 
eff. X PF ~ 0.933 X 1.00 


= 160. 


The number of poles. 


P = 


/X 2 X 60 60 X 2 X 60 


900 


= 8 . 

Kva 160 


= 0.178. 


n 900 
The output constant from Fig. 105, 
C = 2.70 X 10‘i 

For Ifr = 1, 0, 


D - _ 3 /I 6 Q X 8 X 2,70 X 

“ Y " V T XI X 900 


10 * 


I = 


= 23.0 in. 

KvaC 160 X 2.70 X 10* 


DH 


23.02 X 900 



v/Ji Y £*iU.tJD {/ J T LiiU Clllll{ 3 IlS 1011 S iVl'O « 


l/r 

D 

1 

r 

1.0 

23 0 

9.06 

9.04 

0 9 

23 8 

8.50 

9.33 

0 8 

21 8 

7.80 

9 73 

0 7 

25.9 

7 15 

10 i7 


Tlio following dimensions arc selected : 

D — 26.0 in., i == 7 50 in. 


The polo pitch, 


T 


ttD 

p 


3.M X 25 
8 


9.81 in. 


For 70 per cent pole embrace the polo arc, 

B = 0.70 X 9.81 = 6.875 in. 


The inothocl of shaping the polo shoo suggested by R. \V. Wiesman* 
will bo used. 

From the curves Fig. 107, tlio minimum air gap length should be, 

5 = 0.188 in. 

” = 1.75, - = 0.0192, - = 0.70. 


The shape of the polo shoo is shown in Fig. 165, and the air gap flux 
distribution curve is shown in Fig. 166. Tlio calculations for the funda- 
mental, third, fifth, and seventh harmonic arc given in Table XXI. 



698,00 


- 25.61 


JSi — 

= 99.7 

Ba = 

6 

= -4,27 


-31.16 


- 10.16 


B 5 = 

=-6.19 

i?7 = 

6 

= -1.69 


The average ordinate for the flux wave, 

Ba = “(99.7 - ^ X 4.27 - i X 6.19 - ^ X 1.69) 

TT 

« 61.8 


^ See Reference, jiago 172, 







TAliLK XXI 


Be 

iSin . 1 ' 

tSin 3 V 

♦Sin 5i; 

Sm 7.r 

/h 

.Sm i 

/Ix X 
♦Sm 3t: 

/h X 
iSin 5i 

/h X 
.Sm 7s 

Bm =50 

0 130 

0 3.S3 

0 GOO 

■ 

0 793 

0 77 

2 20 

3 59 

•1.68 

7^x10 = 14 2 

0 250 

0 707 

0 9G() 

0 900 

3 08 

10 03 

13 72 

13 72 

/ixo = 30 0 


0 02 1 

0 921 

0 3S3 

11 50 

27 70 

27 70 

11 50 

/hs = 45 7 

0 500 

1 000 

0 500 

^0 500 

22 85 

45 70 

22.85 

-22 85 

/hr = 50 0 

0 (iOO 

0 921 

-0 130 

-0 991 

35 05 

54 50 

- 7 07 

-58 50 

/ho = 70 8 

0 707 

0 707 

-0 707 

-0 707 

50 10 

50 10 

-50 10 

-50 10 

/ho = 81 r> 

0 703 

0 383 

-0 991 

0 130 

01 70 

31 20 

-80,80 

10 GO 

/hi = 90 0 

0 K()li 

0 000 

-0 SOG 

0 SOG 

78 00 

00 00 

-78 00 

78 00 

/ha = 9.5 0 

0 021 

-0 383 

^0 383 

0 924 

87 75 

--30 ID 

-3(1.40 

87 75 

/ha = 97 8 

0 000 

-0 707 

0 259 

0 259 

91 .50 

-GO 20 

25 35 

' 25 35 

/hi = 90,1 

0 901 

-0 921 

U 793 

-0 (109 

98 20 

^91 50 

78 00 

-GO 30 

-o 

II 

-i 

0 500 

-0 500 

0.600 

'-’O 500 

.50 00 

-50 00 

50 00 

-50 00 






598 00 

-25 01 

-31 U) 

-10 15 


and fcho root-nieau-sciuarf' ordinates, 

lie = V\{QQ.7'^ -I- ‘1.27- + 6 19“ + 1 09^) 
= 70 G. 


The flux cliati'ibuLioii fuetov, 

r n.-ia 


Tlie form fiictor, 

Be -70.6 

■ 5ui - ' "■ 

The air gap donsitjf is assumed (3quiil lo 'f3,000 lines per sq. in. 

<Ih = tDIR„ = tt X 25 X 7.50 X 43,000 
= 25,400 kilo-linos. 

The winding constant, 

Ce, - M/,. = 0.618 X 1 14 X 0.956 
= 0,675. 











me number ot conductors in series per phase are, for a star- 
connected winding with pitch coils, 

E'Xmx 108 254 X 60 X lO^ 

n(j>JcC^, 900 X 25,400 X 10^ X 1.0 X 0.675 

- 99. 


For one circuit per phase, the total number of conductors = 99 X 3 = 
297. The number of armature slots will be 72 for 3 slots per pole per 
phase and 84 for slots per pole per phase. The corresponding values 
for the tooth pitch at the armature surface, 


^ T X 26 
72 


1.09 in,, 


h 


TT X 25 
84 


= 0 935 ill. 


The winding with 84 slots is selected. The conductors per slot will be 
3.64 if the chord factor is 1.0. The number of conductors per slot 
must be an even integer; therefore 4 conductors per slot are used and 
the coils chorded 66| per cent of pitch. Tho coil throw will then be 
slot 1 and 8 and the chord factor, 

/» = sin 90 = 0.866. 
iO.6 

The final value of tho total flux, 

254 X 60 X lOa 
“ 112 X 900 X 0 866 X 0,676 
5= 25,900 IdJo-iines. 

The armature current per phase, 

Kva X 108 160 X lO^ 

7 EX3 “' 254 X3 
^ 210 amperes. 

The current density in the armature copper should bo approximately 
3400 amperes per sq. in., from the curves of Fig. 134, Tho section area 
of the armature conductor, 

aAa 1 X 3400 
- 0.0618 sq. in. 

From the copper table a d.o.c., copper ribbon conductor is selected 
which has following dimensions: 0.129 X 0.268 in. bare, 0.149 X 



u.^/u iii. injsumiuii, arua u.uoiso sq, in, iwo conauotors are wound in 
parallel and arranged in the slot as shown in Fig, 167. The slot dimen- 
sions are: 

Width - (1 X 0.276) + 0,15 =: 0.426 in. 

Depth = (8 X 0,149) + 0.42 - 1.61 in. 

The current density for this conductor, 

, 210 

" '2 X 0.0325 ° “• 


The length of the half-mcan-turn of the armaturo coil is calculated 


as follows (see Fig. 136) : 

d 0.426 + 0.15 


sm a 


h 0 935 

a = 38“ and cos a = 0 788. 
The per cont pitch for the armaturo coils, 


— k' 

- 0.616 T' 


P = 
La = 


10.5 
ir(D + d„) 


p cos a 

= ^(25 + 1.61) 
“ 8 X 0,788 
= 19.96 in. 


= 0.667 

P + 2b + d. + I 


Fig. 107. 
0.667 + 2.0 + 1.61 + 7.50 


The resistance per pliaso of the armaturo winding at 76“ C., 

R = L.,jyr 19.90 X 112 X 0.826 
“ aSaX 10" 1 X 0.066 X 10“ 

= 0 0286 ohm per phase. 

The bare weight of the armaturo copper, 

Ga = LaNamSa 0.321 = 19.96 X 112 X 1 X 3 X 0.005 X 0.321 
= 140 lb. 


The approximate insulated weight = 145 lb. 

Two ventilating ducts, each ^ in. wide, are used in the armaturo. 


J.11C uj biiu bl'cuou la taivon equal to U\c total armature length 

and tliG air gap density, 

_ 25,900 X IQ^ 

3.14X25X7.5 
= 44,0 Idlodines. 


The air gap coefficient, 

h 0.935 

+ (5 X y) ” 0 509 + (0 188 X 1.53) 
- 1.174, 


The air gap ampere-turns per polo, 

B,8k 44,000 X 0. J 88 X 1 174 
"“ 32 '” 3 2 

— 3030 . 0 ampere-turns. 

The maxiiniini tooth density, 

^ ct>i 25,900 X 10^ 

'■ ivt,(l - niWa)kiS ~ 0.509(7 5 - 2 X 0.5)0.93 X 84 
. = 100.2 kilo-linos. 


Tlio wicltli oF tho armaUiro tooth at a section J tooth length from the 
minimum width, 




§d.) 

5 

0 . 55 in. 


7r(25 -Hf X i fit) 
84 


0.426 


^ <l>, 25,900 X 10^ 

'* “ wt,(l - naWa)kiS ~ 0.550(7.5 - 2 X 0,6)0. 93 X 84 
=! 92 8 kilo-lines. 

From the standard saturation curve for 1 per cent silicon steel, 
at( = 20.8 ampere-turns per inch. 

AT* = at,f, = 20,8 X 1.61 
= 3-1 ampoi-e-turns. 

Tho flux per pole, 

^ 26,900 X 103X0,618 

^--p 8 

- 2010 X 10^ kilo-lines, 






1 

( 




I * 

i 





ixi luu armacurc yoice is talcen equal to 55,000 

lines per sq. in., then 

(#> 2010 X 10'^ 

- a - naW,)kiB,a “ (7.5 - 2 X 0.5)0.93 X 65,000 

= 6 04 in. 

The outside ejiamotor of the annalurc coro, 

Do - D + 2d, + d„„ = 25 + 2 X 1 .61 + 6.04 
= 34.20 in. 

Make the outside diameter 34.25 in. and the annature yoke density, 
By,, = 55 kilo-lines. 

The length of the flux path, 

_ ir(D -I- 2d, + y„„) _ t( 25 -h 2 X l.OI + i X 6.03) 

~ 2p 2X8 


= 6.13 in. 


at„„ = 3.0 ainijcrc-turns per in, 

AT„tt = atMlj,« = 3 0 X 6. 13 = 18.0 nmporc-turna. 

From the curves, Fig. 140, the loakago con.stant will bo approxi- 
mately 1.14. The st^ction area of the polo body, 

_ ^ _ 2010 X 10^ X 1.14 
“ Bp ~ 85,000 

= 27.0 sq. in,, 


if Uie flux density, 7i;„ is assumed oc[iml to 85,000 linos per sq. in. The 
length of the polo parallel to the shaft is equal to the armature length, 
and 


Wp 


27.0 

7.5 


= 3.0 in.; use 3.5 in. 


The radial length of the pole is estimated at 5.0 in, (see page 210), 
The leakage flux is ealculatcd as shown below for machines with a small 
number of polos for which the sides of the poles cannot bo assumed to 



p»»auui.- me ciata lor those calculations arc taken from Fig. 


108: 



I = 7.5, h, = 0 94, di - 2.04, B - 0.875, 

Ap — 3.90, rfs, = 2.04, (/jj = 3.G0, = 4.2, 

A, “4.98, Wp = 3.50, Z = 3030 4- 34 + 18 = 3082. 

(2) 19 i. log (l + ^) - 19 X 0.M log (l + - 12.7 

(3) 0.4/tpZ(^ + -f + 1-4-^) =0.4X3,9X7.6 

\db, dU 


(i 


dj 


\dbi di)2 dit^ db^/ 

\2T64 SM "*'4:2'*’ Osj " 

») 0.98S,[lo«(l + ^)+3l„g(l+^' 

1 1 + ?TT^) + 3 log fl + 

f#a)l ■ - 

> '‘Field Leakage in Synchronous Moohincs, ” by Theo. Schou, Eleotrical Roviow', 
Vol. 77, Aug, 21, 1920, p. 281. 


= 0,58 X 3.9 


\ .6«4 

.9 l^log ^1 


2 X 2.64/ 

+ + JxTi) + 


! 





jL^ I -r “r i; = linos. 


X = ^ + 1 
<p 


325,000 


+ 1 = 1.162. 


2,010,000 

Tho flux density in the polo body will then bo, 
2010 X 10* X 1 162 




3.5 X 7,6 


==89.0 kilo-lines per sq. in. 


Tho length of tho flux path in the pole is equal to tho radial length 
of tho polo, which has boon cstiiniitod at 6.0 in. Tho ampore-turns 
por polo, 

AT;, = = 20 X 6 , 0 « 100 arapore-turns. 

The field spider is punched from sheet steel and tho polos arc 
nssomblod ns shown in Kg. 103, If the shaft diameter is taken equal 
to 6.0 in., two times tho radial depth of tho spider 

= 25.0 - 2 X 0.188 - 2 X 6.0 - 6.0 = 8.624 in. 


Tho flux density. 


Bv/ = 


2010 X iO’* X 1 ■ 162 
8.624 X 7.6 


36.2 kilo-lines per sq, in. 


Tho length of the flux path, 

(25- 2X0.188 -2X6,0). „ , 

2x1 — ; 

From tho standard saturation curve for opon-hoarth sheet stool for field 
polos, at„/ = 2.6 ampere-turns por in. 

ATyf = aiv/hf = 2.6 X 2.87 = 7.0 ampore-turns. 


Tho oalculations for tho open-circuit saturation curve aro given in 
Table XXII, and tho curve is shown in Fig, 169. 

Tho armature leakage reactance is calculated by formula 148 for a 
fractional slot winding. Tho data roquirad aro : 

/ = 60, JV = 112, da = 0.23, D = 26, = 0.966, 

1 = 7.6, = 84, w, = 0.426, p = 8, 5 = 0.188, 

wi = 3, di = 1.32, F = 0.667, /o = 0.806, 1C = 0.76. 

' S, X 10’' 

, d2\ , 0.3{3P-1)M. . 0.63Z)/„%2l 

■ r'W,+w;+ ?i + 




TABLE XXII 


Talli 

Lentil) 

flO Per Cent E 

100 Per Cent E 

115 Per Cent E 

125 Per Cent liJ 

n 

at 

AT 

Ji 

at 

AT 

li 

III 

AT 

U 

at 

AT 

Air gap 





2730 



3030 

. 


3180 


! . 

;i80( 

Teeth 

1 01 

83 0 

10,2 

17 

02,8 

20 S 

31 

107 0 

79 0 

127 

110,0 

225 0 

3(U 

Armntiiro yoke ^ 

0 13 

-10 G 

2.0 

10 

.55 0 

3 0 

18 

03 2 

1 0 

35 

08 0 

*‘5.0 

31 

rob 

5 0 

80 0 

10 7 

5t 

80 0 

20 0 

1(10 

102 5 

07.0 

335 

1(1 r> 

inr>*.o 

82t 

Fial<l yoke 

2 87 

32 Q 

2.C 

7 

'30 2 

2 fj 

7 

a 7 

2 8 

8 

'15.-1 

a 0 

f 

Total 




2»2I 
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■ 1 

... 

3085 



5027 



Q 3(3P - l)DSs 

pH 

0.53j[)/.V 

S,S 


0 . 75 (^ 
\3 X I 


32 


I Q-23\ ^ 

V3 X 0.426 0,426/ 

0.3(3 X 0.667 - 1)25 X 84 
8^ X 7,5 


0.53 X 25 X 0.8662 X 0 9562 


1,18 

■ 1,31 

= 0.575 


84X0.188 



^V/ = 


^■^(1.18 + 1.31 + 0,575) 


84 X 10^ 

= 0 . 123 olini i)oi‘ phase. 

The per cent rcactfincc drop due to fulJ-load current, 


UCt 
' E 


100 = 


210 X 0 123 
254 


100 = 10,2 per cent. 


The resistance of the armature winding is given above and the per cent 
resistance drop duo to full-load current, 


IR. 

E 


100 = 


210 X 0.0285 
254 


100 = 2.35 per cent. 




> 




Tlio per cent impedance drop 

= V2.35^ + l()!2-’ = 10.45 per cent. 


Tho equivalent fic'ld ampere-turns per pole of armalnro roaction for 
full-load current, 


AT,,/ = 


0.45/OmV//r/,» 

V 


0.45 X 0 SO X 3 X 112 X 210 X 0 800 X 0.950 

S=S - ■■■“ — — 

8 

« 2830 amiK)re-tiirns. 


Tho short-circuit oharnctoristie is shown in Fig. 109 and tho sliort- 
circuit I'atio, 


ATPo ^ ^ 
ATP. “3140 


1.015. 


Tho Hold ampore-turns per polo for full-load at unity power factor 
{U’o found graphically as shown in Fig. 109, 

ATPioo = 4400. 

Tho field winding for this macliino will bo of tho wire-wound typo. 
Tho average depth of llio coil is estimated at l.O In. (she Tig. 168), and 
tho approximate moan length of turn, 

A; = 2 X 7.5 + 2(3.5 - 0.25) + 7r(0.45 + 1.0) 

= 20,05 in. 


ATPiooL/P X 0.826 4400 X26.05 X 8 X 0.826 

“ E,X 10“ ” 120 X 10“ 

= 0.00631 sq. in. 

A number 11 round conductor is selected. The dimensions are: bare 
diameter 0.091 in., insulated diameter 0.101 in., area 0.00650 sq. in. 
For a current density of 2000 amperes per sq. in., the field current, 

if = S/A/ = 0.0065 X 2000 
==13.0 amperes 

and the turns per polo, 

t, . ATPm . ^ . 330 . 

If 13.0 

From the sketch, Fig. 168, the height of the winding space, 

3.376 

hf — 375 in. The number of turns per layer = = 33.4. 

winding the field coils, the space of one turn is required in passing 
' one layer to the next; therefore 32 turns per layer are used. At 
'’<= of the polo, the depth of the field coil can bo approximately 
wliioli will permit 9 layers. The remainder of the turns are 
m in Fig. 168, making a total of 342 turns. 

..Lod length of moan-turn, 

-0.26) -b7r(0.45-|-2d,) 

i - 0.25) + ir(0.46 -|- 2 X 0.456) = 26.77 in. 

' ir(0,45 + 2d2) 

•>5) H-7r(0.46H- 2 X 0.96) = 28. 95 in. 

L/, = 211 -t- 2(Wp - 0.25) + 7r(0.45 + 24) 

= 2X7.54- 2(3.5 - 0.25) + 7r(0.46 -f 2 X 1.06) = 29.58 in. 

L/, = 2li + 2(Wp - 0.25) + ir(0.45 -f- 24) 

= 2 X 7.6 -}- 2(3.5 - 0.25) + ir(0.45 -f- 2 X 1.16) = 30.20 in. 

^ -h Lf^t/^ 

^ 1 / 

26.77 X 288 + 28.95 X 26 -f 29.68 X 18 + 30.2 0 X 11 

342 '' ' 


= 26.3 in. 



tVV f KJ 


Lsi,p X 0 826 
' S{ X iO« 

= 9.14 ohms. 


26 3 X 342 X 8 X 0.826 
0,0065 X 10" 


If 5 volts drop is allowed for tho exciter loads and brush contacts, the 
field ciuTont, 


120 

V =: — — 7 = 13.12 amperes 
9 . 14 


and tho field copper loss, 

Wt = = 13.122 X 9.14 = 1570 watts. 


Tho radiating surface, 

S, = 2(d/ + hf)L,p = 2(1.2 + 3.38)26.3 X 8 
= 1925 sq. in. 

Tho surface por watt loss, 


W, ~ 1670 


1.23. 


Tho oxcitor capacity required. 


W, = 


Rf X 102 


1252 

9.14 X lO-* 


1 . 71 Icilo-watts. 


Tho weight of field copper, 

(?/ = L/t/ps/ X 0.321 

= 26,3 X 342 X 8 X 0.0065 X 0.321 
= 150 lb. 


Tho following is an approximate design of tho squirrel-cage winding. 
Tho number of bars per pole must always bo so selected that the bar 
pitch will not be equal to tho armature slot pitch. If it is, tho motor 
will have “ dead points,” that is, for certain rotor positions no torque 
will bo produced. The bar pitch should bo approximately 16 por cent 



ui tiiciii uiii'* timitibuitj iiUOtii piLcn. xr Liio iiuiTiDor ot 

bai-8 is fixed, the size of the bar and the material will dctormino the 
resistance of the sqnirrel-cage winding. For this design, six f-in. 
diameter round copper bars are used in each pole and are placed in the 
polo shoe as shown in Fig. 168. The end-ring section (see page 296), 

0.32ssM, 0 32 X 0 111 X 48 

Ser — — „ 

p 8 

= 0 213 sq. in. 


A rolled-copper end-ring is used, in. X f in., 0.234 sq. in. area, and 
is welded to tlie bars. 

The equivalent rotor resistance, 




fc%m-mr 


10« 


,.VV6 


+ 


0.64Z)«r ' 

P~Ser . 


_ 0-860^ X 0.956^ X 112^ X 3 X 0.826 f 11.0 

10 “ Lo, 111X48 

= 0 . 0655 ohm per phase. 


0.64 X 24 ' 
8^ X 0.234. 


A synchronous motor for direct connection to a centrifugal pump 
must have a high pull-in torquo with only moderate starting torque. 
The squiiTcl-cagc msistanco should, thercfoi-o, bo approximately 25 per 
cent of the total reactance. 

The rotor slot reactance is calculated by formula 162. 


Xr - 


2 0 X 60 X 112" X 7 5 X 3 
81 X 10^ 


(- 


SCG'* X 0,9562 X 84 


48 


-){“■ 


62 -1- 


0.0625 \ 

0.0625/ 


— 0.078 ohm. 


The rotor zigzag leakage reactance, 

. _ 2.0 X 60 X 1122 X 7.5 X 3 
“ 84 X 10^ 

/ O 266 X 0 8662 ^ 0,9562 X 25 X 84 ’ 
\ 482 X 0.188 

== 0.0357 ohm, 


The stator reactance has been calculated above and is equal to 



^ >4v.i uv/uibx iuiiijLiixicu 01 Liic syncnro^ 

nous motor with open-field winding 

= 0.123 + 0.078 -1-0 0357 
= 0 , 237 ohm per phase. 

In those calculations, the transient reactance of the short-circuited 
field winding was omitted. For high starting torque, the field wind- 
ing should bo .short-circuited through a voiy high resistance and for high 
pull-in torque it should bo short-circuited on itself. The field winding 
produces a negative torque when the slip is high, above 50 per cent, 
and a positive toripio when tlio slip is low, below 60 per cent. The 
student who wiaho.s to make further calculations as to the value of the 
torquo at any slip will find much useful information in the references 
given on page 222. 

The armature coiipor loss for full-load, 

W„ = RaPni = 0.0285 X 210^ X 3 
= 3770 watts. 

The field current for full-load at 100 per cent power factor = 13.12 
amperes. With 126 volts applied at the collector rings, 

Wf = ifEo = 13.12 X 125 
= 1040 watts. 

Tho weight of the armature teotli, 

Ga = 0.509 (7.5 ~ 2 X 0.5)0.93 X 84 X 1.61 X 0.278 
= 129 lb. 

Tho woiglit of tho armature yoke, 

Gev = ^[34.262 - (25 + 3.22)2](7.5 - 2 X 0 5)0.93 X 0.278 
= 493 lb. 

Tlio loss por pound per cycle in tho armature teeth, duo to the funda- 
mental frequency flux for tho density, = 92,8 kilo-lines = 0,0580 
watts for 1 por cont silicon sicoh The loss in the teeth, 

Wci^ 0.068 X 60 X 129 - 449 watts. 

Tho loss per pound per cycle in the armature yoke, due to the fund a- 





lojss in the yoke, Wcjf = 0.017 X 60 X 193 = 503 waits. The total 
core loss, 

Wc - (449 + 503)2,2 - 2100 watts. 

The friction and windage losses are taken from the curves in Fig. 159 
and are equal to 1200 watts. 

The stray load-losses will bo estimated at 25 per cent of tlio arma- 
ture I^R loss. 

The efficiency calculations in Table XXIII are for unity power factor 
at all loads. 


TABLE XXIII 


Losses 

1 

I 

1 

■i 

4 

Armature PR plus stray load. . . . 

29-i 

1,180 

2,650 

4,710 

7,300 

Field losses 

1,290 

1,400 

1,615 

1,640 

1,740 

Core losses. 

2,100 

2,100 

2,100 

2,100 

2,100 

Friction and windage. 

1,200 

1,200 

1,200 

1,200 

1,200 

Total losses 

4,884 

6,880 

7,465 

9,650 

12,400 

Output 

37,300 

74,000 

112,000 

149,000 

186,500 

Output and losses 

42,184 

80,480 

110,465 

158,060 

108,000 

Efficiency, per cent 

88.5 

92 7 

93.7 

94,0 

03 70 


The effective radiating surface of the armature, 

Sa = D^){2 + n,) + tI(D + Do) 

= ^(34.262 - 252)(2 + 2) + t X 7.6(34.26 + 25) 
= 3120 sq. in. 


The radiating surface per watt loss, 


W 


3120 

7 c 

2100 + 4710--V- 

19.96 


0 . 806 sq. in. per watt. 


The radiating surface per watt loss for tho field winding has been 
calculated on page 261. 


Kva 150 
U.p m. 000 


1 xti.xiwj.4LXi\iJ/ Ull/C5HjiN 

~G Uvi BH /iTOw “ ]VXOTOR 

Volts 4<10 PhftsD 3 Amperes 209 Cycles 60 Poles 8 
Kva/r.p m 0 177 Output constant 2.fi0 X lO^ 


AnMATunu 

Hhoct Rtcol 

Outsiilo diamolor. . , , . , » . , . 

Gap dm motor 

Total lonf^th .. 

Ductfl, numbor and slzo 

Gross lonatli 

IJlToolivo lonRtli 

Hlots por polo per phaso 

Total numl^or of Blots. 


0 017-1^ 


Typo of winding Star 

CIrouitB per plineo Ono 

Coll throw Blots 1 and 8 

J’or ooiit'pitoh OOJ 

Couduotois: 

Por slot 4 

DiinonaiouB . 0.140 XO 276 

Aioa 3X0.0326 

In Horics per pUnao 112 

Total 336 

Curronl dotisHy 3230 

IionKth, Olio-half moan- turn. 19 00 

HcBiBtaiuio por pKnao, 26® C 0.02 1 

llcslslanco ])or phaBe, 75° 0 0 0285 

lloHlstiiiioo drop, voltB 6 05 

Tloslstniioo drop, per cent 2.35 

lloaiitanco drop, vcltfl 26 0 

Uoantauco drop, p«r cent 10 2 

Iinpodanco drop, volts . 

Impodanoo drop, per coat 10 45 

Arniaturo rcaotlon, AT per polo 3200 

Armature loaotlon, factor Ka . 0 86 

Armalujo rcaotlon» on fld. A1 2830 

Sdimio Inohos per waU.. o.gjju 

Ampere oomUtotorfi, total . . 

Ampere oondnotors, per Inch .771 

Short olrouit ratio 

JjJlE 2.00 X10‘ 



Y‘"0bz—^ 


^ 0.93S — >1 



Total air gap length ... 2 X 0.188 

Rotor diameter 24 624 

Peripheral speed ... 6800 


Pole pitch 0.81 

Polo are 6,876 

Material spider Sheet eteolv 

Damper bars per polo , 0 

Sire of bar f dinm. 

Material of bar Copper 

Section Gud-ring ^rXJ *=0,234 

Material end-ring Copper 

Air gap ooefllcient 1.174 

Effeotriro length of gap 0,22 

Leakage constant 1.162 

A 0 618, A, 1 14 /«,, 0 060, 0 675 A, 0 866 



Sec- 

tion 

Den- 

sity 

Length 

Amp. 

Turns 

Air gap. . , 

889 0 

44 0 

1.174X0.188 

3030 

ToetJi . . . 

279 0 

92 8 

1.61 

34 

Armature yoke 

30 6 

86 0 

0 13 

18 

Poles 

20 2 

89 0 

8.00 , 

100 

Field yoke , . . 
Total ampere 
turns por 

04 0 

36 2 

2 87 I 

7 

pole 

. . . 

, . . 


3189 

1 Size of conduotor . 


No, 

11 rd, 


Turns per polo* 
Amperes no load.. 


g^3 

6 32 Maximum, 13,12 


Length of mean-turn .26.3 

ibslstanco, 28® 0 7. 67 

Resistance, 76® 0 0.14 

IR no-load 71.5 Maximum, 120 

m no-load 007. Maximum, 1670 

Square inch per watt maximum / 1.23 

Kva,.. ... 1^ 

Power footer 

Amperes 1290 

/R75®C 118.0 

72/E 75® 0 1520 

Square inch per watt, 1.20 

Exciter voltage 1*5 

Exciter enpaoity 1.71 

FuHrLoAD Lossbs, 100% P.E, 

Friction and windage 1200.0 

Coro 2100 0 

Stray lonti «SI2'2 

Armature copper. ; 3770.0 

Field copper and rheo 1010 u 

Total loaets. ..... 0635 0 

Flywheel ctfoot TFlJi 

Weiohts 

Armature copper 140.0 

Field ooppor , 150.0 

Armature teeth 129.0 

Field poles S14,0 


i 


I 


I 

i 

I 


i 


I 

i 


! 
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III — Induction Motors 
CHAPTER XVI 
CONSTRUCTION 

PoLYPiiARio tnotors arc built in sizes from I lip to very largo sizes, 
sovoval thousand horso-powor, n'hero arc two typos of polyphase 
induction motors in gonorul use: (I) the poiypha*so squijToI-cago motor, 

and (2) the pfilyplmso 
womul-votor, or slip- 
ring motor. 

The types of con- 
striuitkm gononilly 
employ{id arc sliown 
in Pigs. 170, 171, and 
172, 

Stator, — The con- 
struction of the stator 
or field of the induc- 
tion motor is gonorally 
the same as the arma- 
ture of synchronous 
machines. Por small 
machines, the same stator is ofton used for cither a synchronous machine 
or an induction motor. 

The stator laminations are punched from electric sheet stool with 
from 1 to 3,0 per cent silicon, Tho thiokness of the sheet is usually 
from O.OhJ in., for machines for which low core loss is important, to 
0.019 in. Por snialUliamelor machines, tlio stator laminations are 
often punched in one piece. Por the larger diameters, segmental 
punchings arc always used. Pigiiro 173 sliows a onc-pioco stator 
punching with partially closed slots and two segmental punchings, one 
with open slots and ono with partially closed slots. The punchings 
arc assembled in tho stator frame as shown in Pigs. 170, J71, and 172. 
When tho length of the stator core exceeds 4 or 5 in., it must be divided 
into sections by radial ventilating ducts to insure proper ventilation of 
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Fig. 170.— Cross-scetlon of aqnii'rol-nago indiiotion 
motor. 
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sixccl macliinos and 5 in. for large rnaohinos. Tho distance between 

centers of ducts 

should not exceed 
3 in. A ventilating 

duct is generally h M rfAmvOd ?! fn’^^\A 

provided at each feh plrpy 

end of the dilator by L 

Lho tooth supporLs. j ^ \y 
Anasfiomblcdsialor i| r iU 

core with part of U. ,/ 

tho stator coils in 

placo is shown in Q] '|T~) 

hig, 174, ^ — Soctionnl assombly of totally onolosccl sqiiirrol- 

For sinall-diam- (,^gQ motor witli ball bearings, 

ctor motors partly 

closed stator slots are used and the tec^th, instead of the slots, have 

parallel sides. Figure 175 shows one 

punching for a 1-hp, 3-pha>so, 4-polc, 

\|r \fj J 80()'’r.p.m, motor, 

- if" Tho stator framos for very largo mo- 

. I _ _ tors are as a rule built up of welded 

J (( rolled steel plain just ns tlio armature 

I I I f mines of synchronous machines (see Fig, 

.njRT ^70). 

U Rotor, — Tho rotor is built of sheet 

1 ^ stool laminations, generally punched from 

tho same material as that used for tlio 
/ stator. For small motors, tho rotor 
T V^J ^ piinchings aro punched in one piece and 

Ifl assembled on tho sliaft. Figure 177 

[f T) I shows one rotor punching for a 1-hp, 

t — ^ A-~_L. — . 4 -polo, squirrel-cage motor, Onc-pioco 

r punchings aro used for medium diameters ; 

for largo diameters segmental punchings 
must be used, Those are assembled on 

„ ^ , a spider and clamped between two end- 

Fig. 172. — Cross-section of vortical , ; , i t. li i i 

squinoUcago motor. P'^tos by through-boKs, as shown in Fig. 

178. 
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When vonUlating duels are ix?quirccl in tho slatov, an equal numbor 
of ducts of tho same sisic are used in the rotor. For squirrcl-cago 
rotors, the slots aro generally shallow and tho tooth supports and vonti- 








Fig. 177.-“Hotor punclihig for 1-hp, 3 800-r.p,m., thrcc-plmso, 00-oyolo motol*. 

Outsirla dinmclrr 1.23 in. ttf/Uli / 0,22 in. 

filuiffc dmiiiotrr {| In. ^ \ bottom 0.15 in. 

Slot dc'pUi 0.41 in. 
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Fici» ISO,— Comploto rotor wth cast sqiiirrcl-cago winding, 
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the slip-ring motor, insulated windings must be used in the rotor, which 
require deep slots ami tooth supports at each end of the rotor core, 
similar to those used for the stator, A sectional view of stator and 
rotor for a largc-capacity, wound-rotor motor is shown in Fig. 178, and 
a partially wound slip-ring rotor is shown in Fig. 179. 

The squirrel-cage winding is generally built up of rectangular or 
round copper bars joined at each end by a copper end-ring. A cast 
squirrel-cage winding is used by several manufacturers. The inotal 
used is aluminum and is cast into the assembled rotor core. With this 
method of construction, it is possible to use a largo number of rotor 
slots on small-diameter rotors without excessive tooth densities, because 
teeth with parallel sides can be used with trapezoid-shaped slots. Tho 
rotor punching shown in Fig. 177 is for a cast squirrel-cage rotor. A 
complete rotor with cast squirrcl-cago winding is shown in Fig. 180, 



CriAPTKll XVII 


THE STATOR 

The design of the sCalor of an induction motor is carried out in the 
samo way as the annatiirc design of a synchronous motor or goiiorator. 
The voliago induced in the stator winding, 

JS == p®*’ phase. (170) 

This formula is explained on page 166. 

A sine wave flux distribution is generally assumed for the induction 
motor, because the distributed stator winding produces an air gap 
flux wave which is very nearly sinusoidal. The form factor and flux- 
distribution factor have boon explained on page 172. They are equal 
to 1.11 and 0.637 respectively for a sine wave. The winding-distribu- 
tion factor has been cai'ofully explained on page 184. It may bo taken 
equal to 0.966 for 3-phaso windings and 0.01 for 2-phaso windings 
(see Fig. 122). The winding constant, 

Cu, = = 1.11 X 0.637 X 0.966 = 0,677 for 3-phaso 

C«, = = 1 . 1 1 X 0 . 637 X 0 . 91 = 0 . 643 for 2 - pliaso. 

The voltage induced in a coil is proportional to the sino of the half- 
angle which the coil spans. The sino of tho half-angle spanned by the 
coil is called tho chord factor. 

fc = sin (P X 90®). 

For a given voltage the total flux, 

P X 60 X 108 
<t>t =» — lines. 

Tho terminal voltage per phase may generally bo used instead of the 
induced voltage per phase, because tho resistance drop of tho stator 
winding is small. 
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of an induction motor, 


, Elm X eff. X PF , 

lip horsepower 

F = — g volts, approximately. 

The total flux, <l>, = irDlgEg and the total amporc-condiictors on tho 
stator, ImNfc = iri)Q. Substituting into tho output equation above, 
TrDlgBgvDQnC„ X eff. X PF 
" 4.55 X lO'J 

^ D%,nBgQC„, X off. X PF 
4.55 X 10“ 

D%n 4.65 X 10“ (171) 

'hp ~ X off. X PF 

Air Gap Density. — In an induction motor tho magnetizing current 
or tho current required to maintain the flux in tho magnetic circuit is 
drawn from the alternating current linos to which tho motor is con- 
nected. This magnetizing current lags the voltage by 90° and must bo 
small if reasonable operating characteristics arc to bo obtained. For 
air gap lengths as short as practicable, tho roluotanco of tho air gap is 
greater than that of the remainder of the magnetic circuit. To avoid 
excessive magnetizing currents moderate densities arc therefore required. 
The density in the stator teeth is directly proportional to that in tho 
an gap. High tooth densities produce high core losses and increase 
the magnetizing current. The flux density in tho air gap of induction 
motors generally lies between the limits 25,000 and 46,000 linos per 
sq. in. Tho Iiigh values are for largo-capacity, high-speed motors. 
For general purpose motors, air gap densities from 30,000 to 40,000 
lines per sq. in. are most satisfactory. 

Ampere-Conductors. — The value of tho amporc-conductors per 
inch of stator gap circumference depends upon tho size of tho motor, 
the voltage of the stator winding, the typo of ventilation, and tho permis- 
sible leakage reactance. Average values of Q for open typo, 40° C.-rated 
motors for voltages up to 2500 volts are given by tho curve in Fig. 181. 

Efficiency and Power Factor.— The operating characteristics shown 
m Jable XXIV are for normal polyphase, 60-cyole, constant-speed, 
40 , sqmrrel-cage motors for voltages up to 600 volts, and those in 
Table XXV are for normal polyphase, 60-oyclo, constant-speed, 40°, 
slip-nng motors for voltages up to 600 volts. 
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FiO. 182,— Output constants for 60 cycle, constant spcod, polypimso, induction 
motors for voltages up to 000 volts. 

iol^vcnicni to calculate the total stator length instead of the length of 
tho air gap section, l^or this purpose, equation is written as follows: 

= C. (172) 

hp 

The output constants given in Pig. 182 are taken from a line of tested 
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300 


1200 

1150 

88 

00 

12‘1 

133 

22s 

575 


000 1 

800 

sr 5 

80 

130 

133.5 

305 

750 


720 

005 

87 5 

84 

142 

102 

378 

850 


000 1 

570 

87 

80 

141 

140 

400 

025 

00 

1800 

1720 

88 

01 

148 

147 

180 

500 


1200 i 

1100 

88 5 

87 

152 

130 

271 

800 


000 

800 

88 

87 

153 

130 

307 

000 


720 

000 

88.5 

S3 

100 

122 

465 

1200 


000 

575 

88 , 

81 

105 

134 

546 

1126 


1 Ai^i jUj a a V — l uca 


Up 

Speed, R p in 

Eff 

Full- 

Loud 

VF, 

Full- 

Load 

Full-Load CJurront 
in Amlioicfi, 220 Volts 

Torqun in Pound 
nt l-Ft UiidniH 

Syn 

Full- 

Load 

Stulor 

Rotor 
por Load 

Full-Lojid 

at 

FuU-Loml 
Hpi’od 
( ViM>rnvi- 
niato) 

Maxhnuia 

Running 

75 

ISOO 

1743 

80 

01 5 

182 

126 

226 

676 


1200 

1160 

00 

88 

181 

06 

310 

060 


000 

870 

80 

87 

100 

127 

466 

1 ,260 


720 

600 

88 5 

SQ 

103 

120 5 

570 

1,300 


COO 

573 

80 

82 

200 

131 

685 

1,500 

100 

1800 

1745 

00 

02 

230 

103 

3(J0 

760 


1200 

1163 

01 

80 

212 

127 

460 

1,260 


OOO 

870 

80 6 

88 

248 

130 

005 

1,100 


720 

605 

90 

80 

251 

132 

766 

1,000 


000 

3S5 

00 6 

85 

261 

132 

005 

2,200 

123 

ISQO 

1730 

90 

03 


106 

376 

050 


1200 

1173 

01 6 

00 

161 

121 

6.58 

1,250 


000 

8S0 

00 5 

SS 

154 

120 

746 

2,200 


720 

700 

00 

80 

163 

186 

062 

1,000 


600 

385 

91 

82 6 

103 

122 

1,120 

8,000 

loO 

1800 

1730 

01 

02 

175 

109 

460 

1,150 


1200 

1170 

02 6 

90 

170 

115 

073 

1,800 


900 

876 

00 5 

90 

181 

147 

000 

2,400 


720 

703 

01 3 

88 

182 

163 

1,120 

8,000 


600 

5S0 

00 s 

88 

186 

101 

1,360 

3,200 

200 

1800 

1755 

92 

* 02 

231 

177 

608 

1,300 


1200 

1170 

93 

00 

234 

146 

807 

2,800 


'900 

875 

91 

-00 

231 

163 

1,200 

2,700 


600 

5S5 

91 5 

88 

! 214 

106 

1,706 

4,600 


150 

435 

01 

84 

j 257 

183 

2,li0 

5,600 


360 

345 

00 

88 

260 

160 

3,010 

6,000 

250 

600 

5S5 

91 6 

89 

300 

190 

2,215 

6,000 


430 

435 

91 6 

86 

3H 

109 

3,015 

0,600 


360 

340 

01 

77 5 

338 

100 

3,700 

8.500 

300 

COO 

685 

02 3 

88 

302 

106 

2,000 

7,600 


430 

140 

92 

81 

380 

367 

3,570 

«i500 


360 

352 

91 

70 

417 

302 

4,47(1 

11,000 

400 

000 

68S 

92 

‘ 88 

485 

400 

3,570 

8,760 


430 

440 

02 6 

8.5 

1 500 

866 

1,770 

13,000 


360 

332 

03 

81 

620 

386 

6,070 

14,000 

430 

300 

293 

92 5 

76 

030 

307 

8,100 

18,000 

500 

GOO 

588 

02 5 

88 

020 

306 

4,470 

11,000 


430 

442 

93 

85 

020 

382 

5,050 

16,000 


360 

352 

02 6 

80.5 

068 

402 

7,460 

18,000 

COO 

430 

442 

93 3 

SO 

733 

462 

7,100 

17,600 


300 

353 

03 

85 

745 

462 

8,080 

22,000 


300 

292 

02 5 

79 

805 

397 

10,740 

27,600 

730 

450 

442 

03.5 

87 

007 

460 

8,000 

22,000 


360 

353 

93 

85 

033 

615 

11,100 

20,000 

1000 

360 

353 

94 

85 

1226 

013 

14,770 

37,000 


* These vftlues for 440 volts. 


motors and are for constant-speed, squirrel-cago motors for vollagos 
up to 600 volts. For higher voltages and for wound rotor motors, tlicso 
constants should be increased approximately 10 per cent. 


by equation 172 with the holp of the output constants of Fig, 182, 
The cliainotcr and length must bo so soloctial tliat satisfactory operating 
characteristics can bo ol^tained with iiiininunn cost. 

The operating charact (iris tics of induction motors vary with tlio 
ratio of the longtli of the stator core to the pole pitcli at the gap circum- 
foroiico. For best power factor Z/r should bo equal to from l.O to J .25, 
and for best cfhciency, about 1.5. For mininiiim cost Ijr should bo 
equal to from 1.5 to 2.0. TIio power factor of induction motors varies 
witli tlie polo pitch, that is, a motor with largo pole pil.ch and small 
number of poles will have a higher power factor than a motor with small 
polo pitch. For motors with large pole pil.ch the diainoter and length 
are selected to give ininimuin cost, and for motors with small poh pitch 
the diameter and length ar(i proj^ortioned to give good power factor at 
roasonaldo cost. A value of 1 / r equal to 1.0 can not always be used for 
small motors, below api^roximateb'^ 15 lip, because the resulting small 
diameter will nocossitato too small a nuinhor of stator slots. In general, 
the ratio of stator core length to pole pitch, 

- = O.GO to 2.0. 
r 

ttD 
P 

Z = — (0.60 to 2.0). 

P 

Substituting into tho output equation, 

pC hp 

7r(0.00 to 2.0)Ji' 

_ ^ 

Tho safo peripheral speed may be tlic doterinining factor in the ohoico 
of tho dimensions. Standard constructions can generally bo used for 
peripheral .speeds up to 8000 ft, per min. Peripheral speeds of 15,000 
ft. per min. are possible with special rotor construction and increased 
cost. 

Windings.—Tho windings used for tho stator or field of induction 
motors are the same as the armature windings of synchronous machines. 



(173) 

(17d) 


Tho polo pitch, 

and 



XI. Concentric-coil windings arc generally used for fcho fitator.s of 
single - i)liaso * motors. SomeLiinos concentric- coil windings - are used 
for polyphase motor.?, but they Imvc boon replaced by the doiibl(!- 
Layor winding by most manufacturers because of the saving in cost of 
manufacture. 

General imrposo induction motors are built for both 2-phnRe and 
3-pha.se and for a variety of voltages. To keep tho cost of manufaeturo 
as low as po.ssiblo, the number of stator slots should bo .so ehoson for 
eacli frame that the maximum number of combinations of polo.s, phases, 
and voltage.? is possible. For integral number of slots per pole jiiir 
pha.sp, tho slots per pole will bo an integer, and the total miniber of 
slots will be satisfactory for both 2-phaso and 3-phaso when the number 
of slots per polo is a multiple of both 2 and 3. Hlauilavd induction 
motors arc generally designed with stator windings for 220 or •! 10 volts, 
This can bo done by using a 1 -circuit winding for 410 volbs and a 2-eiroui(. 
winding for 220 volts or, if a 2-circuit winding is roipiircd for -I IO volts, 
tlien a 4-circuit winding must be used for 220 volts. 

Fractional slot windings may l )0 used also for induction motors. 
For these windings, the denominator of the fraction must not ho a 
multiple of the nuiiiber of phases for which tlio winding is intended. 
For example’ A winding with 2^ .slots per polo per phaso i.s satisfactory 
for a 3-phaso winding but not for a 2-pliaso winding. Similarly 2J slots 
per polo per pliase is satisfactory for 2-phase but not for 3-i)haso. Tho 
use of slots per polo per phaso, however, is satisfactory for hol.li 
2-phasc and 3-pliaso, Tho number of parallel circuits are very much 
limited with fractional slot windings bocauso theso winding.? do not, 
repeat evciy pole as the windings with integral slots pnr polo nml pha.se 
do. For these rcafsons, standard induction motors are generally desigiu'd 
with tho number of stator slots equal to a multiple of the iuimher of 
poles, tunes the number of phases. 

Chorded windings are also used for induction motor.?. Tho advan- 
tages of chording discussed in Chapter XI apply also to induction motors. 

A complete discussion of the advantagas of fractional pitch windings for 
induction motors has been given by D. F. Aloxandor,-'* 


‘“Winding and Connecting of .Smalt Single Phase Motors," by C. A. M Wobor 
Electric Jomnal, Vol 2t, Aug., 192-1, p. 377. ^ 

L irZilto^“fTrp''’T and Discussion by J. 

2S. Feb, 1928, p. 77 f«‘- Induction Motors," ElocLric Journal, Vol, 
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v^ujLiuUivtUia Slot 
inusG bu an ovcni inlngor for double-layer windings, because one-half 
of the conclucloi-s per slot belong to tho coil side in the top of the slot 
and tho other half to the coil side in the bottom of the slot. The 
number of conductoi’s in series per phase can be determined by formula 
170, 

j? X 60 X 10« 
n<l>ifeC,„ 

Tho flux density in the air gap Jiiay generally bo taken equal to 35,000 
linos per stp in, for Lius preliminaiy calculations. Then the total 


= irDlgB,, linos. 


Tho total stator conductoi’s = Nam. 

Tho lunnbor of stator slots imisl, therefore, be selected to meet tho 
riKiuiremonts of the number of polos and phases with an oven number 
of conductors ijor slot of such value that a satisfactory air gap density 
can be obtained with chord factor between tho limits 0.707 and 1.0. 
It is gonortvlly not desirable to chord induction motor windings more 
than a- of pitch, h’or two-polo motors, however, a chord factor as low 
as 0.707 may be necessary. 

For motom with open stator slots, tho slot opening have an appro- 
oiablo elTocl on tho air gap n'luctance. Tho stator and rotor slots should 
bo so proportioned that the minimum variations in air gap reluctance 
will result when tho rotor slots move by tho stator slots. Tho oAcct of 
variations in air gap rolnctancc is to produce pulsations in tho air gap 
(lux, whicli produce ailditional core losses and noise. These effects of 
tho stator slots can generally bo kept small by using a large number of 
narrow slots. The larger tho number of slots for a given diameter, the 
smaller will bo the tooth pitch. Tho minimum tooth pitch, 

trD 

iu - « • 


I’lio width of tho stator slots is generally one-half or slightly less than 
one-half of tho tooth pitch on tho gap circumference. If tho tooth 
pitch is small, tlio width of the teeth is also small, and difficulties in 
construction often arise; that is, it becomes difficult to support the 
stator tooth at the ventilating ducts and at the ends of the stator core 
without obstructing tho ventilation. liSgure 183 shows a part of a 
stator lamination with ventilating duct spacers and minimum tooth 



-A..., -- ^ 

motors with a large number of slots, because there arc more coils to 
wind, insulate, and place into the slots. In general, it will be desirables 
to choose the number of stator slots to give a miniiniuix tooth pitch 
equal to or greater than 0.60 in. 

The current per phase in tlie stator winding, 


hp X 746 _ 
Em, X off. X PF ‘ 


(175) 


The section area of the stator conductor, 



The copper losses in any winding vary directly with A\ The tonipera- 

ture rise depends upon the losses for 
a given typo of construction, Tlie 
stator current density must be so 
chosen that a satisfactory ofliciency 
can bo obtained without oxcossivo 
tomporatiirc rise, Vov tlie stator 
windings of standard iiuUujtion 
motors, the current density should 
generally not exceed 2600 ain{)eres 
per sq. in. 

The conductors pen- slot must be 

Fig. 183.-Poaion of stator lamination OOmpy Ll.n 

with duct spacor. niiitiinuui titTiount of spiico^ Wttll 

the proper insulation liotwoon turns 
and betw'cen core and coils. Open-typo stator slots aro gonnvally used 
for induction motors larger than approximately 15 hp, and tho con- 
ductors are generally d.c.c. square wire or d.c.c. eoppor ribbon. For 
all polj'phase motors, the windings are designed to have more than one 
turn per coil and the turns should, whonevor possible, bo so arrangod 
that there is only one turn per layer, as shown in Pig. 130/1 and B. 
Large conductor sections are built up of two or more .small wires in 
parallel, to prfevent excessive eddy current losses'^ (see P’ig. l30/i). 
For windings requiring many turns per coil, it is not always possible to 
use only one turn per layer; for such cases tho coils should bo wound as 

1 small motors, loss than approximately 

15 hp, partially closed stator slots aro as a rule required because of tlio 

^ See refeiences, page 198. 
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as shown in Kg. 184, and the shape of tlio slots is as shown in Fig, 175. 
I^or this typo of slot, the coils aro random-wound of round d.c.c, wiro 
with insulated diamotor loss than | in, 

Tho size of the stator slot depends upon the number of conductors 
per slot, tho sisso of the conductors, and upon tho in- ^ 

sulation thickness required. The insulation on tho 

conductors is the standard double cotton covering 
of insulatfKl wires impregnated with insulating varnish. 

The insulation bctwooii tho core and coils is built up 
of varniRhod cambric, cotton tape, insulating varnish, 
and paper. The following is an insulation specifica- 
tion for induction motor stator windings with open slots for voltages 
up to 600 volts. 



Fig, 184. 


INSULATION SPECIFICATION— 650 VOLTS— OPEN SLOTS— 

TWO COIL SIDES PEK SLOT 

Coils 

1, Aftov coils aro Avoiind on shuttio ana pulled out to shapo, enro must bo taken 
to forjn the ends properly before dipping in varnish so that no pounding or liaininor- 
iug will i)Q necessary when assembling coils in slots. 

2, Dry untaped coils thoroughly in oven and while hot dip in flo.xiblo black bak- 
ing varnish, and allow coils to remain in varnish bath for ono-half hour or until cool, 
After removing coils from varnish, drain thoroughly and bake at 100*^ 0, (212^ F,) 
from 8 to 10 hours or until dry. 

3, Wrap tho straight part of coils with two thioknossos of 0.007-iri. bhiek var- 
nished caml)rio lapping so ns to give three thicknesses on one side. Brush inner 
side of tliis varnished cambric wrapper with varnish so as to moiston it and allow a 
good tight fti. 

4, Tape tho ends of coils with one thickness of 0.007-in, blaok varnished earn brio 
tape out on the bias, hal Mapped. 

6. Tape coils all over with 0.007-in, linen finished tape, half-lapped, and givo 
two dippings, in tloxiblo black baking varnish, and bake after each dip at 100^ C. 
(212° F.) for 8 to 10 hours or until dry, 

Slots 

L In slots place U-shapod tube of 0.010-in. red rope overlapping under wedge. 
2. Between coils in slot place a 0.010-in. red ropo atrip as separator. 

Wedges • 

1, 8oal slots with wedges t^-in, thick cut from sheet Bakelito-Dilocto, 
Connections 

1, Tape all series loads and stub-connections with two tapings of 0.007-in. black 
varnished cambric tape, half-lapped and bound ^vith friction tape. 

2. Tape all polo connections with three half-lappod 0.007-in, black varnished 
cambric tapes, 



1 ^^'hon ringa for supporting coils arc used, insuliito them with two hnif-Iappod, 
0 007-in, black varnished cambric tape and one half-lappotl, dry linoii-linialicd lapo. 

2 After coils are in place and all conuectioiis inado, finish by spraying 
thoroughly with air drying varnish. 

Insulation Allowance: Depth = O.Sf) m. 

Width = 0.12 in. 

The insulation allowances given in the specification abovo are the 
total insulation thiokiicss plus cloarancc over the insulalod coiuUielors. 
The allowance in the depth of the slot includes Uic thickneH,s of the 
wedge, which may generally be taken ciiual to 0.12 in. For stator 
windings for voltages from 600 to 2500 volts with open slots, the insula- 
tion allowances are; Width of slot, 0.16 in.; Depth of slot, {).-15 in. 

For opcii-tvpo slots the insulation is wrapped on the coil with a 
O.OIO-in. paper slot lining to protect the coil while it is placed into tho 
slot. For p.artially closed slots, the insulation is placed into the slots, 
because the narrow slot opening makes it necessary to place the con- 
ductors into the slot one by one. Tho insulation allownneos for tho 
width of the slot may Im taken the same as given above for open slots. 
For the depth of the slot, the allowance for tho wodgo must be coi-- 
rceted for partially closed slots (see Fig. 184). 

The width of the stator slot is generally appro.xiinately 50 per cent 
of the minimum stator tooth pitch and should solclom if ever exceed 
60 per cent of the minimum tooth pitch. O’o avoid a high loakago 
reactance and consequent poor opeiiiting chamcleiisties, tiio stator 
slot should generally not be deeper than 0 times tho slot width. 

Stator Tooth and Yoke Densities. — For a given total (lux, tho dinion- 
sions of the slots determine the tooth density. For high tooth densities, 
the losses in the teeth are high, and a largo nuinlior of ampere-turns 
arc required to seixl the flux through tho tooth. Tho maximum value 
of the stator tooth density for tho minimum section. 


Sla, — 
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The width of the tooth for the minimum section, 

70 /Sf “ flfl * 7Vsa* (178) 

The maximum value of tho stator tooth density for the minimum 
section should generally not exceed, 

= 100,000 lines per sq. in. for 60 cycles 
B(,j = 120,000 lines per sq. in, for 25 cycles. 



the flux density in the yoke, 'i’ho iron losses in tho 3 ^oke and the 
ampere-turns required to send the flux through the j’-oko dotenniuc the 
density. The flux density should not exceed, 

95,000 lines per sq. in. for GO cycles 
J5t,a - 110,000 lines per sq. in. for 25 cycles. 

Generally By, is equal to from 50,000 to 85,000 lines per sq. in. for 00 
0 }'’clos and 00,000 to 100,000 linos per s<i. in. for 25 cycles. 

The flux per pole, 

4 >= ^ 

V ‘ 

The depth of the iron below Uh' slols for both sl(l(\s of tho diameter, 


By,{l — muHjhi 

Tho outside diamotor of Uio stator lainiiiationg, 

7>o - i; + 2d,, + (180) 

Sample Design: Design of Hlalor for a J5-/7p, 3~Phnse, 60-Ct/cle, 
1200-/i!.p.wi., 220-Fnft, i^quirrel-Cage General Purpose Motor . — Tlio 
full-loail otlicioncy and power factor arc to ho not less than 80.0 p<ir cent 
and 86.0 per cent, respoctivciy. Tho motor must havo a starting 
torquo not loss than l.'SO por cent of full-load torqno for norinal voltage 
and a maximum running torquo not lo.ss than 21)0 por cont of full-load 
torquo. Tho temporaturc liso of no part of the motor should exceed 
40° C, for continuous full-load operation. 

Tho number of poles, 


hp 


V 


X to» 


/ X 2 X 60 60 X 2 X OO 


1200 


15 

1 9rwi 


X 10* = 12.5. 


0 


From the curve in Fig. 182, tho output constant, 
C = 6.25 X l0-‘. 


For tho ratio, l/r — 1.0 

sic hp p _ s jn 25 X 10^ X J5 X 6 
'^nir l/r 1200 X x X 1 


l/r 

= 10.77 in. 


1 


^ DH 10.77'^X1200 
== 5.G5 in. 

Tho following table shows the values of D and I for several values 
of 1/ r. 


Hr 

D 

1 

r 

1 20 

10 12 

f) 40 

r> 29 

1 00 

10.77 

C.05 

6 04 

0,00 

11 Ifl 

6.28 

5.84 

0 80 

11. GO 

4.88 

6.08 

0,70 

12 10 

•1 41) 

0,33 


The following diinonsions arc solceiod: 

D-lTOOin., i = 5,60m., r = 5,75111., Z/r = 0,967. 

For the diameter and length solootod, it will not bo necessary to uso 
radial ventilating ducts in the stator core. The length of the air gap 
geofcion will then equal the total length of the stator core, 

J = 5. 5 in. 

A flux density of 35,000 lines per sq. in. is assumod for the air gap, 
and 

== 'Km.Bg = 7rXllX6.5X 35,000 
= 6650 kiloJines. 

If the Btar-conncctcd winding is chosen, tlio phase voltage, 

E = ^ « 127 volts. 

1.73 

For a chord factor/. = 1.0 the conductors in seiio.s per phase, 

^ ^ X 60 X 10» ^ 127 X 60 X 10^ 

n,i>,C^fc 1200 X 6,660 X 10» X 0.677 X 1 
= 141. 

It will be desimble to use two parallel circuits per phase; tlio wind- 
ing can then be roconnocted to one circuit per phase for 440 volts. For 
two parallel circuits, the total number of conductors = 2 X 3 X 141 = 
840. 


i 



/S'. - 3 X 3 X 6 54; 

and tho miniumin tooth pitch, 
irD tt X 


~ s~ 


5-1- 


= 0.64 in, 


Tho nuinbor of eoncluelors por slot, 

840 „ 

= = 15.7. 

54 

Tho statoi' winding will then have 16 conductors por slot, 8 turns 
por coil, and tvvo parallol circuits por phase. A coil throw, slot 1 to 9 
or 88,9 por cent of pitch, is chosen, and tho chord factor, 

J, = sin (P X 90) = sin (0.889 X 90) = 0.985. ^ 

Tho oonductoi’s in series per phase, 

16 X 54 


iV = 


2X3 


144 


and the total flux, 




127 X 60 X 108 


P X 60 X 108 

nNC4c 1200 X 144 X 0.677 X 0.985 
= 6610 kilo-lines. 


Tho final value of tho air gap density, 

<l>i ^ 6610 X 10'* 

" ~ wDl, ~ ttX 11.0 X 5.6 
= 34.8 kilo-lines, 

Tho stator current per pliaso, 

hp 746 15 X 746 


7 = 


X off. X I’F 127 X 3 X 0.89 X 0.86 
For a ciUTont density of 2300 amporcs por sq. in., 


= 38.4 amperes. 


I ^ 38.4 

a/l, ~ 2 X 2300 


0.00835 sq. in. 


Tho conductor soicctod from tho copper table has tho following 
dimensions: 0.045 X 0.190 in. bare, 0.060 X 0.201 in. insulated. 



lilt CLU Wl 

as shown in Fig. 185, and the slot dimension>s aro: 

Width 0.201 + 0.12-0.821 in. 
Depth 0,000 X 10 + 0.35 - 1 31 in. 


§ 



Tho current density in the stator conductors, 

38 4 

' 2 X O.TOOf, ■ ™" “*■ “■ 

The miiiiinum stator tooth pitch is given above and tlio minimum 
tooth width, 

ia;,, (]<, — - 0.01 — 0.321 = 0.319 in. 

The inaxiimnn density in the stator tooth, 

^ ^ (K)iQ X KP 

w„,(i - n.tii»tf)0.92S, 0.819(5. 5 - OJO 92 X 5H 

= 75.8 kilo-lines. 

The fliix por pole, 

, </.,/,! 6610 X 10» X 0.637 

^ = = 

P 

= 701 kilo-lines. 


0 


For a flux cloasity of 65 kilo-linos per sq. in. in tho stator yoke, 

‘ - nriiyrf)0 . 92 “ 65,000(5 . 5 - 0)0 . 92 

= 2.13 in. 

Tho outside diameter of tho stator, 

I>0 = D + 2d„ •+ dy, = 11.0 + (2 X 1.31) + 2.13 
= 15.75 in. 



CHAPTER XVIII 


THE ROTOR 

Air Gap Length, — ^Tho ampero-iurns required to send tlio flux 
through the air gap arc directly proportional to the density and the 
length of the gap. Even with low air gap densities and short air gap 
lengths, the gap ampGro-turiis are larger than the ampore-turns for the 
remainder of the magnetic circuit. The air gap density and length, 
• therefore, dotennino the magnetizing curront, To obtain good operat- 
ing cliaractoristics, the magnetizing current should be as small as 
possible and the length of the air gap should bo as small as mochaiiiical 
consti‘uction will permit. The approximate minimum air gap length 
can bo determined by the following empirical formula, 

8 = 0 125 - ' 1^ (18 J) 

]) + 5)2 '■ ‘ 

Tho rotor cliamctor, 

Dr = D - 28. 

* 

Rotor Windings, — Squirrel-cage windings arc built up of bar con- 
ductors short-circuited at each end by end-rings, Tho bars arc either 
round or rectangular in shape and are of cither copper, brass, or alumi- 
num. ' The end-ring is generally of tho same material as that used for 
tho bars and may have any convenient shape. Various methods ^ 
have been used to join the end-ring to tho bars. Because of tho large 
tomporaturo changes from no-load to full-load, the best possible con- 
nection between bars and end-ring is necessary to avoid high contact 
resistance at tho joints. The cast squiiTol-cagc winding, shown in 
Fig, 180, is very desirable in this respect, because there arc no joints. 
For largo motors the end-ring is generally brazed or welded to tlic bars, 
and the mctliods of construction shown in Fig. 186 arc generally used. 

For wound-rotor motors, 3-phase, double-layer windings arc used 
on the rotor, which are modified wave windings,^ They may be con- 

^ ^'Gonnooting Induction Motors,'* by A, M. Dudley, p. C8, McOmw-IIill Book 
Co., Now York, 

2 “Connecting Induction Motors,*’ by A. M. Dudley, pp, 09^75, McGraw-Hill 
Book Co,, Now York, 
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ings can bo laid out to determine the proper coil sequence by the method 
explained in Chapter XI for armature windings of synchronous machines. 
Figure 187 shows the winding diagram for a 3-phase, 6-pole, 1-circuit, 
star-connected, modified wave winding with 54 slots and 4 conductors 
per slot. In this figure, all of the coils are shown for one phase, For 
the other two phases only the beginning and ending coils are shown. 
A 3-phase, 8-pole, 1-circuit, delta-connected rotor winding with 96 
slots and two conductors per slot is shown in Fig. 188. 

Number and Size of Rotor Slots —For squirrel-cage motors the 
number of rotor slots must be selected to avoid dead-points or positions 



Fro. 186 . 


of no torque at starting. To avoid excessive starting currents, squirrol- 
cago motors are started with reduced voltage. The main flux is there- 
fore small at starting, whereas the leakage flux is large because of the 
high starting current. The zigzag leakage flux is a maximum when 
the rotor slot opening is opposite the center of a stator tooth and a 
minimum when it is opposite the center of a stator slot. Tho locking 
torque is produced by the zigzag leakage flux. In order that it shall 
be as small as possible, the number of rotor slots should be so chosen 
that a minimum number of rotor slot openings will be opposite the 
center of a stator tooth for any rotor position. The number of rotor 
slots must therefore never be equal to the number of stator slots, but 
must be either larger or smaller. Satisfactory results can generally 


1,30 per cont or from 70 per cent to 85 per coat of the number of stator 
slots. For squiiTcl-cagG motors it is generally desirable to make the 
number of rotor slots 80 per cent or 120 per coat of the number of 
stator slots, To have the minimum number of rotor slot openings 
opposite the center of a stator tooth for any position of the rotcij the 



Fia, 187. — Rotor winding diagram — thrcc-phaso, 6 poles, 64 slots, 4 conductors per 

slot, one circuit star. 


number of stator and rotor slots must be prime to each other* For 
small motors, diagonal rotor slots are often used to recluoo the locking 
torque and magnetic noises, because it is not always possible to use 
the most desirable proportions of stator and rotor slots for small 
diameters* 

The rotor windings for wound-rotor motors are 3-phaso windings, 




- 

orally, wiiKlings with an integral number of slots per polo per plmst! are 
uscrl for the rotor. Fractional slot windings may also be used, but for 
most cases only those will bo satisfactory for which the number of slots 
is a multiple of the number of phases times the miniber of pairs of poll's. 
Wound-rotor motors are started with normal voltage applied to the 


Fig. 188. — Kotor winding diagram— thrce-pliaso, 8 polos, OG slots, two concliiotors 
per slot, one circuit delta. 


stator winding and enough resistance in the rotor circuit to give full-* 
load torque with full-load current. The main field is therefore of normal 
strength during the starting period. Since the zigzag leakiigo flux is 
only a small per cent of the main flux for normal voltage, llie effect of 
dead points is very small for wound-rotor inotons. To avoid magnntie 
noises and excessive flux pulsations in tho air gap, however,' the ratio of 



uiiu aiiiuui siobs 10 ino rotor slots should, whenever possible, lie within 
the limits fj;ivoii nbovo. 

If the total rotor ampere-turns are assumed to be 10 per cent less 
than the total stator ampoi*e-turns, the ratio of the total copper section 
of the rotor to the total stator copper section, 


= 0.90 4^. (182) 

Ocs » 

For squirrol-cafto windinghj, the current density may be higher than for 
the stator winding because the mean length of turn is shorter and the 
ventilation is liettor. I'^or a current density of 2500 amperes per gq. in. 
in tlie stator winding and 4000 amperes per sq. in. in the bars of the 
S(iuirrol-cago winding, the ratio of the total rotor copper section to the 
tt)tal stator copper section, 


. O.oS" . 0,ii62. 

.Ses 4000 

total rotor copper section should never be less than 60.0 per cent 
of the total stator ^ 




s. ^ 
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copper section. It 
is generally from 00 
to 80 pov cent for 
H((nirrel-eap;o wind- 
in^s. 

h'or wound-rotor 
windinft.s, the length 
of tho luoun-tiini 
is approximately 
(Hlual to tho lenKtli 
of tho mean-turn of 
tho stator coils 
CJonscquently, to Fio. ISO. 
avoid excessive ro- 
tor copper I0.S.SOS, 

the rotor current density can not be made much higher than the stator 
cuiTont density. Tho total rotor copper section is therefore generally 
from SO to 96 per cent of the total stator copper section. 

'Phe distribution of the current in the bam and end-rings of a squirrel- 
ougo winding » is shown in Fig. 189. It is apparent from Fig. 189 that 

3 '"J’lirna nticl PImsos in Squirrel-Cage Windings/’ Bulletin 5, Engineering E’c- 
poriinoiK; Station, University of Minnesota^ 




-Section of squirrel-cage winding showing distri- 
bution of current. 
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through a bar a pole pitch to tlio riglit and the other half through a bar 
a pole pitch to the left. If the maximum value of the current in each 
bar is Im and if the current is maximum in all the bars at the same time, 
then the maximum value of the current in the end-ring 


The current is not maximum in all the bars per polo at the same instant, 
but varies according to the sine law; hence, the maximum value of the 
current in the enchring 


Jin JJh 



and the eflfectivo value of the current in the end-ring 


2 p T 



The effective value of the current in each bar, h 
end-ring current 

P 


7ni/V'2 and the 


(183) 


Tho section area of each ond-ring, 


ScT — 

and tho total bar section, 


Q.327,,Ar,, 

P-d-CT 


A.T 


(184) 

(186) 


By combining these two equations and simplifying, the section area 
of each end-ring in terms of tho total rotor copper section. 


S<*r 


0 . 32 ^„ A, 
V Atr 


(180) 


The ventilation is genorally better for the end-rings than for the bars, 
and the current density can be made equal to the current density in tho 
bars or slightly higher. 


^ iiiu til ways or me partially closed type as shown in 
Figs. 190 and 191. The roctangulaisshaped bar and slot is generally 
preferred, because the higher roaefcaneo of the lowoi’ part of the bar 
during tlio starting period forces the current to the top of the bar, 
thereby increasing slight- 
ly the resistance of the 
rotor winding, Deep 



crease the loalcage react- j j 

ance and lead to small 
too til widtlis and higli 
density at tho root of 
the teofcli. Rotor slot 
depths equal to 4 times 
tho width arc used for 

squirrol-eagc windings, but more often tlio depth of tho slot is from 1.5 
to 2.0 times tho width. The section area of each bar, 


Fig. 191. 


Sb =- 




(187) 


No insulation is used botwcon the bars and the rotor core. A small 
clearance, about 0.005 in,, must, however, be allowed between tho bar 
and the core. 

For low- starting- current, higli-torquo squirrcl-cago motors, tho 
double squirrol-cago rotor is often used. At starting the reactance of 
tlio lower winding is high and only the high-rosistancG winding near 
tho surfaco is active. After the motor has roaohed full speed, tho react- 
ance of tho lower winding is small and it will carry tho largest portion 
of the rotor current, 

Tho number of rotor conductors for a wound-rotor motor depends 
upon tho voltago between slip rings when tho rotor is stationary, with 
tho rings open, and normal voltage applied to the stator winding. 
For general purpose motors, tho rotor voltago between slip rings will 
gonorally not oxeoecl about 400 volts. For largo motors, higher rotor 
voltages are necessary to avoid largo conductor sections, The rotor 


voltage, 




Nrftrfwr 

Nfefw 


k2E. 


(188) 


Dcvolopmoat of Low Starting Current Induction Motors, '' by P. L. 
Algor, Gonoral Flcofcrio Review, Vol. 28, July, 1925, pp, 499 lo 50S. 
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rotor windings, k 2 = 1.00. 

IlocLangular bar comliicLors arn used for the rotor winding. When 
the roctangular type of slot shown in Fig. 190 is used, the coils arc only 
partly formed hoforc placing into the slots as shown in Fig. 179, 
Chapter XVl. For the tyi)o of slot shown in Fig. 191, the coils are 
insulated and formed before they are placed into the slots. 

The insulation thickness rccpiirod depends upon the rotor voltage. 
A slot lining consisting of 0.()104n. horn filjcr is placed into the slot and 
the roiiiaiiiing insulation is placed on the coils. The single thickness 
of insulation on the coils is generally 0.025 in. for voltages up to GOG 
and 0,035 in. for voltages up to 2500. The coil insulation is Iniilt iip 
of varnished cambric, colton tape, and insulating varnish. The 
allowance for the wedge for closing the slot is generally as shown in 
Figs. 190 and 191. 

The area of each conductor, 


Scr 

NrUia 


(189) 


Rotor Tooth and Yoke Deiisities.—Tho maximum density for the 
rotor teeth, 


Btr, - 

The minimum tooth width, 

W/r^ « 


<h 

ictrjl — ndW(i)kiBr 


(Dr — 2dsf)7r 




(190) 


For con stall t-spood induction motors, the frequency of the flux 
reversals in the rotor are very small, per cent slip times the stator 
frequency. The core losse.s in the rotor iron will thoroforo bo small 
oven if the densities are high. ''Jdio maximum density in the rotor teeth 
can generally bo only slightly higher than the maximum stator tooth 
density, bocaiiso of the ainpere-turns required to send the Qiix througli 
the leotln 

The rotor yoke density is gonorally equal to or only slightly higlior 
than tlio stator yoke density and can be calculated as explained for tho 
stator yoke (see page 287). 

Sample Design: Desiffn of SqidrreIrCage Rotor . — The length of tlio 
air gap, 


5 = 0.125 


10.17 
D + d2 


= 0 L25 - 


10 17 
11,0 + 92 


“ 0.0202 in,; use 0.02G in. 



The rotor diamotor, 

7A = Z) - 25 = 11.0 - 0.052 = 10 918 in. 

The nuinbcii’ of rotor slots (see page 292), 

Sr = 1.20 X 51 = 04.8; use 05. 

The total .stator copper .section, 

Sev = Nm/tn, = 111 X 3 X 2 X 0 00805 
= 0.90 stp in. 

If tlie rotor copper section is taken equal to 05 per cent of the total 
stator copper .section (see page 295), tluni 

,SV = 0.05 X 0 96 = 1.52 sq. in., 

and the area of each bar, 

4.52 

Si = "TT" — 0.0G96 sq. in. 

05 


The rotor tooth pitch at the gap. 


hr = 


TrDr -IT X 10.918 


6'r 


05 


= 0.529 in. 




To avoid a voiy narrow tooth width at the bottom of tho slot, it is 
gonerall.v necessary to make tlio rotor slot width less 
than liaif of hr. Copper bars, 0.200 X 0.350 in., 0.0700-.sn. 
in. area, wilMio used for tho squirrcl-cagc winding. Tho 
slot dimensions arc (see Fig. 192), 

Width 0.205 in., Depth 0.43 in. 

If tho current density in tho end-ring is equal to tho 
oiUTont density in tho bars, the end-ring section (see page 
296), 

0.32X4.5*1 ,, „ 

scr = ;; X I = 0.242 sq. in. 

6 . ‘ 


5 


Fra. 102. 


A copper end-ring, 0.25 X 0.875 in., or 0.219 sq. in. in area, will be 
used and will bo brazed to tho inside of the bars (see Fig. 186). 

The minimum rotor tooth Avidlh, 


M)(r, 


ir(Dr - 2(hr) 


Sr 

0 . 282 in. 


7r(l0 918 - 2 X 0.43) 


- 0 205 


— Wsr = 


65 


xne maximum density in tne rotor tccth^ 


<f>i 6G10 X 10^ 

“ uvr,(/ - nawa)ki8r “ 0 282(5 50 - 0)0.92 X 05 
= 71.3 kilo-lines. 

For a flux density of 70,000 lines per sq. in. in the rotor yoke, 

4 _ 701 X 10^ 

^ B,r{l - n,m)ki 70,000(5 . 5 - 0)0 . 92 

= 1,98 in. 


and the inside diameter of tho rotor core, 

Dr- 2dsr - dyr - 10.948 2 X 0.43 - 1.98 

= 8 108 in,; make this 8.0 in, 

Then 

dvr = 2.088 in, 

and 

S 701 X 10^ 

2 088(6.5 - 0)0.92 


66.4 kilo-JincR per sq. in. 


CHAPTER XIX 


MOTOR CHARACTERISTICS 


The Magnetizing Current. — Figure 193 sliovvs the magnetic circuit 
for a 4-polo motor. Tlio flux sot up by the stator ainporc-turns passes 
through tlio air gap into tlio rotor and through the rotor tooth into ilic 
rotor yolco. There the flux of each polo divides, one-half roturiiing 
througli the rotor teeth, air gap, stator teeth, and yoke of each of the 
adjacent polos. 

Air Gap Ampere -Turns. — Tho aniporo-liirii.s per polo required on 
tho stator to sond tho flux through tho air gap, 

AT„ = BMr X 0.313. (J91) 


Tho slot openings of both stator and rotor increase tho roliiclancc of the 
air gap. Their oifoot may bo taken into nccount by assuming that tho 
air gap section is reduced a given amount, theroby increasing tho den- 
sity, or by assuming that tho slot openings are equivalent to an incrensed 
longtii of air gap. F. W. Carter ’ derived an equation by whioli tlio 
air gap cooffieiont can bo caloulatod. A similar equation is given by 
Dr. Arnold.^ R. W. Wicsomaii''' obtained air gap coefficients by 
plotting graphically tho flux distribution around a tooth. His results 
chock vory well with tho, so obtained by tho formulas given by Dr. 
Arnold and F. A¥. Carter, Tho air gap eooiliciont for the stator slot 
openings, assuming a smooth rotor without slots, 


' — ■ 


fig 

+ (%) ’ 


(192) 


Similarly, tho air gap eooiliciont for tlio rotor slot openings, assuming a 


smooth stator without slots, _ 

/. _ 


(193) 


> Eleotriefil World, Vol. 38, p. 884, IDOl, 

^ “Dio Wechaolstrointochnilc, “ by Dr. Arnold, Vol. 4, pp. 78 and 79. 

’ “Grapbiofll Dotonniniition of Magnetic Fields,’’ by It. W. Wiesoinnn, A.I.JS.E. 
Journal, Vol, 46, May, 1927, p. 431. 
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The value for y in equations 192 and 193 is taken from the curve in 
Fig. 53, 

For most induction motors, the rolor slot opening is very small, 
The air gap ooefRcient for the rotor slots, fe, can generally be taken 
equal to unity. The expression for the air gap amporo-iurns per polo 
can then bo written as follows: 


AT^ = X 0 313. 


(194} 


Ampere-Turns Stator and Rotor Teeth. — For tapered stator and 
rotor teeth, the density varies along the length of ih('. tooth. 

Various methods have been 
proposed for calculating the 
ampere-turns ]*equired to send 
the flux through tapered t(3etli, 
Satisfactory results are gen- 
erally obtained by calculat- 
ing the ampere-turns for the 
density at a section ^ tooth 
length from the minimum 
section. From the standard 
saturation cinwo for the grade 
of sheet steel used, the ampere- 
turns per inch arc found for 
this density, and 

A.T tg ^ 

Fig. 193, — Magnetic circuit— 1 hp, 1800 r.p.m., 

4 pole, thrce^plmso motor (for dimensions see rotor teeth, 

Figs. 176 and 177). „ 

AT(r - 



The length of the flux path in the teeth is equal to the depth of the 
slot. 

Ampere-Turns Stator and Rotor Yoke. — The method of calculating 
the flux density in the yoke for the stator and rotor has boon given 
above. The ampere-turns per inch for this density are determined from 
the proper saturation curve in the Appendix. The length of the flux 
path in the yokes may bo taken equal to onc-half the polo pitch on the 
mean diameter of the yoke. For the stator, 


I 


ya ^ 


(D + 2clg + ^dyg)ir 

2p 


(196) 




ana lor tnc rotor, 




(^r 


2dsr ^ 


2p 


(196) 


Tho amporc-turna per pole for iho stator yoke, 


and for tlio rotor yoke, 


■^*1 1/s 


A.'Tyr == lltyflyr* 


The total amporc-turns per polo required to send tlio flux through 
tlio magnetic circuit, 

ATP = at, + AT,, + AT,. + AT^, + AT,.. 

The offoctivo value of tho magnetising current per phase, 


2.22pATP 

msNJuJo 


( 197 ) 


Tlie per cent magnoti^ing curront == — 100. 


Dr, Arnold has shown that the per cent magnetising current must 
bo equal to the per cent I’oaotanco drop and imiat be equal to or less than 
23 per cent if the power factor is to bo oqual to 90 per coni and be max- 
imum at fulHoad. For small motors, it is not possible to meet those 
roqiiiroments without cxcossivo cost, Tables XXIV and XXV give 
usual values of full-load power factor for motors of various capacities 
and speeds, 

No-Load Current. — The no-load current of an induction motor is 
made up of t.wo components: one, the magnetizing current, which is 
90*^ out of phase with the voltage; two, tho wait component of tho 
no-load curront, winch is in phase with tho voltage, TJic in-plmso 
component of tho no-load curront is tlio current required by tho no-load 
losses. These consist of core losses, friction and windage losses, and 
armature copper losses duo to the no-load curront. 

Core Losses, — Tho losses ® in the cores of induction motors consist 
of tho hystorosis and edd 3 >^ curront losses in tlie tcetli and yokes duo to 
tho fundamental frequoney flux plus additional losses. TIio additional 
losses comprise surface losses in tho teeth due to variations in tho air 

^ ^'^yoclisclfiU’omtGohnik/^ Vol 5-1, Julius »Spnngor, Berlin. 

® ^^Woohflolstrointecluillc,’^ Vol, 5-1, p, 330, Julius iSpvingor, Berlin. 

^ ^Tnduction Motor Coro Losso.s,” by P, L. Algor and R. ‘Ekecrgian, AJ,E.E. 
Journal, VoL 39, Oct., 1020, pp. 906-20. 


M domin', tooth pulsation lossos duo to vannuona n, i..;. o...... >,™. v , 

tosm d^to Blot filing, losBOa duo to non-unitom. Ilux .liatnlMtam, ™ 1 
£» btho ond-phatoB and ond.b«koh,. In the stotuv 
(luency of the flux reversals is equal to line ficqueney, - , j 

eau-il to line frequency times the per cent slip. 3'ov wounil--ruU) 
luotors operating at reduced speed, the rotor core lossos tuust !«’ 
when calculating the operating characteristics, iho Io.^h in the si,, to 
teeth due to the futidamcutal fmquency flux is equal to tho loss por po md 
per cycle for the stator tooth density, times the froqiumey of tho Ilux 
Reversals, times the weight of the iron in tho teeth Tho loss per pound 
tier cycle for various flux densities and for several gmdow of shmit si eel 
is given bv the curves in tho Appendix. These curves lU-o <>))huno(l from 
tests on samples in accordance with the American Kooioty lor li'shiig 
Materials. The loss in the stator yoke due to tho fiindauu'ntiLi iro- 
quonev flux is calculated as explained for tho iootlu 

The additional losses are difficult to calculate^ Tho Hurra(!(^ UmoH 
in tho teeth and the tooth pulsation lossos can bo ciiloAihihul l)y iho 
method proposed by T. Spoonor’^ and I. T. ICinard. Tlu^ Lotal (!oro 
losses for induction motors are generally 1.6 to 2.6 timoH th(^ Hiun of tho 
stator tooth and yoke losses due to tho fundamental fr<KiU(uujy flux. 
The multiplying factor should be obtained from IohIh of mo torn of 
similar design. When such data aro not availablo i.75 to 2,2 may 1)0 
used. 

Friction and Windage Losses.— Tho boaring frioticui 1 ohh('h can 1)0 
calculated when tho bearing dimensions aro knoWJi. Tho wiiidago 
losses depend upon tho type of construction and aro vory dflluailt to 
calculate. The combined friction and windago lossos Hlumld ho dtdor- 
iniued from tests of machines of similar design and couHtriudlon . Those 
losses are generally equal to from 3.5 por cent of tho Kw out})ut for 
5-hp, ISOO-r.p.m. motors to 1,0 per cent for 200- to 30()-hp, <lf)()-v.p.m. 


motel’s. 

No-Load Sfafor Copper Loss. — ^Tbo length of tho half nK^aii'^turn 
of the stator coils is calculated as explained for Iho arinatun^ oojIh of 
8>mchronoiis machines, page 198. Tho coil extension and tho eloaranco 
between coils at the end-connections are generally smaller than tlioso 
used for the arinature windings of synchronous maohinofi. "I'nbln XXVI 
gives suitable values for induction motor stator and rotor windings. 


^ *'Tooth Pulsation in Hotating Machines,” by T. .Spooner, A J.lO.K,, Vol 

43, 1924, p. 252; ”bHirfaco Iron Losses with Roforonco loLnminutod MattjHalfl/* 
by T. Spooner and L F ICinard, A.LI4.K Tnins,, Vol. 43, 1024, p. 202; ^^No-TiOud 
Induction Motor Coie Losses,” by T. Spooner and C. W. Kin on id, prosoiUod lit 
winter convention AJ.E.K, Jnn. 28 to Feb. 1, 1920. 
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Voltage? 

26 

s 

Oto 500 

1.6 in. 

0,10 in. 

600 to 2500 

2.0 in. 

0.18 in. 

2500 to 4500 

2.5 in 

0.18 in. 


The length of the half mean-turn of a stator coil, 
x(-D + d^s) , 




sin« ~ 


cos ap 
+ s 


~P + 2?; “h dsB + ? in. 


(198) 


Tlio length of the half moan4urn of a rotor coil for wound-rotor typo 
motors, 

7r(-Zl>- d«r) 




sin a = 


cos ap 
w ,, + s 
hr ’ 


■^ + 2h + dsr 1 in* 


(199) 


TIio rosistanco por phase of the stator winding, 
LsNr 


Rs - 


ass X 10^* 


ohms. 


( 200 ) 


The rosistanco of the rotor winding for a wound-rotor motor in terms 
of tho stator winding, 


Rr — 


LrNrV 


fwr%rN:^ asr X i0« 


ohms per phase 


or 


r> It t 1 

Rr - IT phase. 

Jior Jcf I-Jb 


( 201 ) 

(201fl) 


For a leraporaturo of 26° C., r => 0.G92 and for 75° C., r = 0.826. 
The staler copper losses duo to tho no-load current arc approximately, 

TFscj »= ImhnRa watts. 

The in-phaso component of tho no-load current, 


^ Wc + W,^ + 

j ^ “■ -ri ” amperes 

mE 


( 202 ) 

( 203 ) 




( 201 ) 


and the no-load current, 

/o = V Im^ + Iw^ amperes. 
The power factor of the motor at no-load, 

PFo = 7“ 

JO 


(205) 


Short-Circuit Current. — The current tliat an induction motor will 
draw from the lino when the rotor is blocked depends upon tiui applied 
voltage and the total impedance of the motor at stanclstill. (.olul 

impedance comprises the stator and rotor resistance and tlu^ statf)r 
and rotor leakage reactance. 

Rotor Resistance, — ^Thc method of calculating the resistiiiUK^ of tlio 
rotor winding for wound-rotor motors has boon given nl)ov(^. k'iguri^ 
189 shows the distribution of the current in a squiiTol-cago winding, 
The total resistance of the squiiTol-cagc bars 

hNhV 

- ohms 


and the total resistance of the two end rings 


27r ^^erV 

Yo^Scr 


ohm.s. 


The total resistance of the sqiiirrcl-cago winding is equal to tlu' total 
copper loss divided by the current squared, and is 

?iiNfcr Nb^ 2TrDerT 




Ni 


t( 

VlOVA^t 


0.64/J.,r\ 

10®S(,r7J^ ' 


ohms. 


The rotor resistance must bo expressed in terms of tho stator wiiKlinc 
before it can be added to tho stator resistance to give tlio total rosifitiinco 
of the motor. At standstill, the induction motor is simply a polypliaso 
transformer; the equivalent resistance of tho rotor is thoroforn equal to 
the total rotor resistance times the squai-e of the ratio of tho offoctivo 
stator turns to the effective rotor turns. The number of pIiaso.s in ii 
sqmrrel-cage winding is equal to tho number of bars per polo =* N„/v 
and the number of turns in series per phase is equal to tho nunibor of 



resistance oi a sqmrrol-cago winding in 
terms of the stator winding is then, 

^ / N/2fcUm Y 0 C4AA 

W2^»/p/ 10" " WVft ■*' pher J 

( N^fc%hnh\ / h O.OIDcA 
\ 10" / \s,Nt '*■ p^s„ }' 


The equivalent rotor resistance per i^hasc, 


,, N^Je'^U^mrf h . 0,UDer\ , 
(■^ + — i 

10 ^^ \SbNi, p^S£r / 


(206) 


In this formula, r X 10^” is the rosistaneo of copper per square inch 
section, I in. long; r — 0.826 for 75° C. and 0.692 for 25° C. If a 
material o(-hor than copper is used for the squirrol-cngo winding the cor- 
responding value of r must be used. Standard brass has a resistance 
about 4 times, and aluminum about 2 times that of copper. 

Leakage Reactance. — The leakage reactance of induction motors 
is divided into four parts: the slot, ^^igzag, bolt, and ond-connoction 
leakages. 

For open-staior slots,® Eig. 191, the slot leakage reactance. 


^ 2.0//„mA^^ r / du 
^ WSs L loj. 


ohms. 


For partly closed stator slots, ^ Fig. 195, the slot reactance. 


X.. - 


2.0//, 


(< 

107.V, L 'A3 


lOfiB 


+ 


i!± 


:)] 


ohms. 


For roctanp;uIiir rotor slots, Fig. 190, tho rotor slot ronclwicc, in 
torins of tho slntor, 

2A)fl,}nm 


Z.r 


107, S', 




^(hr 

+^y 

_ \^lVsr 

20iir 

lOsr + W^^r. 

WsrJ . 


ohms. 


For round rotor slots,® Fig. 197, tho rotor slot reactance in terms 
of tho stator. 


i0%,j Jc/fwriSf L \ lOsr^/ ^ 


dims. 


8 ^^Tho Calculation oftlio Armature Reactance of Synehronoua ]\Iachinos/M)y 
l\ U Alger, A.T,F.E. Trans., Vol, 47 , April, 1028 , p, 403 . 

^ "jSclf-S tar ting iSynohronous Motors,^* by C. J. Foohheiinor, A.I.E.E. Trans., 
Vol. at, Part 1 , lip. 575 - 680 . 



Y -^Y 

-'■Vsg — 



ohms 


and the rotor zigzag leakage reactance, 





ohms. 


The magnetizing reactance of an induction motor in ohms per phase is 
approxiinaicly equal to the terminal voltage per pliasc, divided by the 
magnetizing curreut per phase corresponding to the air gap ampere- 
turns. Tlie total stator and rotor zigzag leakage reactance, 



The bolt leakage reactaiico is equal to zero for motors with squirrel- 
cage rotor windings and integral number of slots per polo. For wound- 
rotor motors, tlio total bolt loakago reactance for stator and rotor, 

Xt « ^ (K^ + Kbr). 

IniQ 

The belt leakage constants, Khs and Khn vary with tlio per cent pitoli 
of the respective windings. They are shown in Fig. 146, They have 
been derived by P, L. Alger in his AJ.E.E. paper referred to above. 

The end-connection leakage reactance is less for induction motors 
than for synchronous machines because of the mutual linkages between 
stator and rotor end flux. The total end-connection leakage react- 
ance for stator and i*otor, 

2.0/47?iiV2 0,40S.PV^ 
ws, pi, • 

“"Reactanco in Synchronous Maclnnos and Its Applications,” by E. E, 
Doherty and 0. E. Shirley, A.I.E.E. Trans., Vol. 37, part 2, 1018, p. 1224. 



owvtH iueiu-iiB*) loticianco 01 stator plus rator in terms of the 
stator winding in ohms per phase, 

Xi = Xs, + -I- X> + + .Y*. (207) 

JY 

Tlio per cent reactance drop == “ 100. 

E 

For a maximum output equal to 2.0 times rated output, the react- 
ance drop must bo less tlian 213 per cent. For squirrel-cago motors, 
the starting torque for rated voltage should generally not bo less than 
1.5 times full-load torque. To meet this requiromont without an exces- 
sive slip at full-load, the reactance drop should not exceed 17 per cent. 
The impedance at standstill, 


Z = + (It, + Rf)'^ ohms per phase 



and the short-circuit ouri’ont, 


I. 


E 

Z 


amperes por phase. 


The power factor at standstill. 


PF, = 


It, + Rr 

z • 


The operating charaotoristios are determined graphically by the 
oirolo-diagram, which is constructed as follows: “ On tho horizontal 
axis, 0.1!, Fig. 198, lay off Oa equal to tho magnetizing current. Fi-om 
tho point a lay off db, the watt component of the no-load current, at 

“ “Motliods of Testing Elootrioal Apparatus,” Electric Journal, Vol. 24, ,9opfc., 
1027, p. 400. 


uiiu iiwi x ixi uiav/ w \.i±a»vY tv ii 

zontal line parallel to the ,r-axia; this is called the constant-loss lino 
Lay off, on the horizontal axis, Oc equal to the reactive compon 
of the short-circuit current. From c lay off cd, the watt coinponen 
the short-circuit current, perpendicular to the rr-axis. Through 
points b and d draw a semicircle with, center on the constant-loss lin 
The vertical line de represents the total copper loss correspond 
to the short-circuit current. The stator copper loss per phase for i 
current equals and is represented by 

ef = Is^Rs/E, 

The stator current corresponding to the rated horsepower, 
Fig. 198, equals hp 7^^/E X 3. 

The full-load current 
The fulUoad efficiency 

The fulUoad power factor 

The slip at full-load 
The full-load speed 


^Og. 

Ol' 

Og 

^ — 
gJi 

= n(l slip). 


The full-load torque 


hp X 5250 
full-load speed 


lb. at l“ft. radiu 


The starting torque 


(IfmE X 5250 
746u 


lb. at 1-ft. radius 


The maximum horsepower output 


mnEm 
~746 "^ 


The maximum torque 


pgSm X 5260 
7iQn 


To obtain accurate results at full-load and part loads, the cii 
diagram must bo drawn to a large scale, which is often inconvenie 
For this reason analytical methods have been devised to calcul 
the operating characteristics, 

Theoretical Elementa of Electrical Engineering/^ by G. P. Steinnn 
McGraw-Hill Book Co., Now York; General Electric Review, Vol. 22, Aj 
1910, p. 230; Electric Journal, Vol, 24, Nov., 1927, pp. 509-573. 




ivucu&taL ijaia. — woiiiicl-rotor motors are started by inserting a 
resistaneo into the rotor circuit, which is generally star-connected and 
of such value to give fiilHoad torcjiie at starting. The voltage across 
the slip-rings at stand-still, with normal voltage applied to the stator, 
is calculated by formula 188 and is, 


K- 


Nrfcrfwr 

NJeU 


volts. 


At s:ynchronous speed, the rate of change of the primary flux through 
tho rotor coils is tho same as that produced by the alternations of the 
primary flux at standstill Tho counter o.m.f. at synchronous speed is 
therefore equal to Er. Tho countor c.m.f. varies directly with the 
speed; for any load it is then equal to I?r(l — slip)* The motor output 
in watts is equal to tlie counter voltage, times tho rotor current* Neg- 
lecting tho phase displacement between rotor voltage and current, 
whicli is ncgligil)lo for normal speeds, tho rotor current per phase for 
8-pliaso rotor windings, 

_ hp 740 fc2 
" a()-dip)3 


For a slar-conncetecl rotor winding, fe == 1.73; and for dclta-connccted 
rotor winding, Id — 1,0. This formula does not take into account all 
of tho factors alTocting tho rotor curront, but it is sufliciontly accurate 
for dc.sign calculations. 

Tho rheostat resistance per plmsc when star-connocted for fulHoacl 
starting torque. 


RrU 


TSrjl ~ slip) 

Irh-3 


ohms. 


(209) 


For star-connected rotor winding, ks = 1.73; and for dolta-conncctcd 
rotor winding, ks = 3 . 0. 

Sample Design: Operating Characteristics . — The ratio of stator 
slot opening to air gap length 


0.321 

0.026 


12.35. 


From the curve in Kg. 53, y = 3.58 and the air gap coefficient for the 
stator slots, 






Win + (Sy) 


(MM 

0.319 4- (0.026 X 3.68) 


1.65. 





iix uiiu iin IS givon on pago 'llie air gap 

anaporo-turiis per polo, 

AT, ==^ X 0.313 - 34,800 X 0.026 X 1 65 X 0.313 
“ 439 ampere-turns. 

The stator tooth width at a point ^ tooth length from the minimum 
width, 

+ ,r(U.0 + f X 1.31) 

— — w,, — 0.321 


= 0.370 in 
and the flux density, 




64 


6610 X 10» 


- n,iwa)kiS, 0 . 370(5 . 5 - 0)0 . 92 X 54 
= 65.5 Idlo-lines per sq. in. 

From the standard saturation curve for 1 per cent silicon steel, 
at(« = 4.4 ampere-turns per in., and the ampere-turns per polo for the 
stator teeth, 

AT(, = 4.4X1.31 = 6.0 ampere-turns. 

The rotor tooth width at a point ^ tooth length from the minimum 
width, 

7r(Dr — lid»r) 7r(10.948 — X 0.43) „ 

*'■ & 55 


and 


Btrt ~ 


= 0.297 in. 

4>i 


6610 X 10** 


- nawa) hSr 0 . 297(5 . 5 - 0)0 . 92 X 06 


= 67.6 kilo-linos per sq. in. 

AT(r = 4.7 X 0.43 = 2.0 ampom-turns. 

The length of the flux path in the stator yoke, 

7r(Z) + 2d., -h ^d„.) _ 7r(U.0-f-2Xl.31-h^X2.13) 

2p 2X6 

= 3.84 in. 


h 


For the flux density in the stator yoke (see page 290), at,,, = 4.3 ampere- 
turns per in., and the ampere-turns per polo, 

AT,. = 4.3 X 3.84 = 17.0. 



XXXV. xvviiiitii ui lyiiu mix patii in llio rotor 3'^oke, 


_ irjPr - 2(lr - Kr) _ t(10.948 - 2 X OAS - j X 2.0SS) 
2p ^ 2X6 

= 2.36 in. 

ATj/r — 4 5 X 2,36 =: 11.0 ampore-turns, 

Tlio total amporc5-fcurna per polo, 

ATP - 439 + G.O + 2.0 + 17.0 + 11.0 - 475. 


Tho magnotizing ciirron t per pliaso, 

_ 2.22ATP X p _ 2 22 X 475 X 6 

^ vhNfeU ^ 3 X 144 X 0 . 956 X 0 . 985 
=r 15.5 amperos === 40.3 por cent. 


Tho average width of a stator tooth 


AD + dss) 

' 'Z W99 


t(U.Q + 1-31) 
5«l 


- 0.321 == 0.395 in. 


and tho weight of tho iron in the tcotli, 

fti == 0.395 X 5.5 X 0.92 X 64 X 1.31 X 0.278 
= 39.3 lb. 


Tho loss por pound por oyclo for tho stator tooth <lonsity, 

Uh, = 05,6 kilo-hiic.s poi‘ sep in., 

is equal to 0.02.3 watts for 1 por cent silicon stool, 0.017 in. thick, Tho 
lo.ss in tho stator tooth duo to tho fundamontal froriuoncy flux, 

TFc(== 0.023 X GO X 39.3 = 64.2 watts. 

Tho weight of tho iron in the stator yoke, 


Gev = '^[Do^ - (D + 2dM X 0.92 X 0.278 


= ^[16.762 - (11.0 -I- 2 X 1.31)2J6.6 X 0.92 X 0.278 
== 09.01b. 

The loss per pound por cycle for tho stator yoke density, 

By) = 06 kilo-linos por sq, in., 





wavvj UVjI imu I.UUUU 


mental frequency flux, 

TFc« = 0.0226 X 60 X 69.0 
= 93.6 watts. 


The total oore loss (see page 303). 

Wc = (54 2 + 93 6)2,0 = 296 watts. 


The friction and windage losses are estimated at 2 . 5 per cent of tin 
output ill watts, 280 watts. 

Tlio length of the half mean-turn of a stator coil (see page 306), 


L. = 


7r(11.0 -f- 1 31) 


0.753 X 6 
= 15 91 in. 


0.889 + 1 5 + 1.31 + 5.5 


Tiie resistance per phase of tlio stator winding at 75° C., 




L,Nr 
ast X 10® 


15.91 X 1+1 X 0 826 
2 X 0.00805 X 10® 


0.1180 ohm. 


The loss in the stator winding duo to tho magnetizing current 
= 15.52 X 3 X 0. 118 = 85.0 watts. 


Tho watt component of the no-load current. 


Ito 


296 + 280 + 85.0 
3 X 127 


1 . 73 amperes. 


The no-load current, 

lo = + ij = Vl5.5a + 1.732 

= 15,6 amperes. 

The no-load power factor, 



lUMbi/cuico IS caicuiatocl ns explained on page 307. 
The following data arc required r 


/= 00 , 

I, - 5.5, 
m = 3, 

N = 144, 

Ss = 64, 
du = 1 0G5, 
d‘>, — 0 , 183, 

Tlio stnlor .slot factor. 


= K, 


d\ a 

iiuil 


+ 


10 , 


w„ = 0 321, 
P = 0.889, 
K, = 0 92, 
fc = 0.985, 
U = 0,956, 
Sr = 65, 


= 0.92 


dir = 0.35, 
dir = 0, 
d3r = 0.03, 
d.ir = 0 04, 
w„ = 0.205, 

TO«r, — 0 . 00 , 


065 0 183 ’^ 

321 0.321> 


K = 1 , 

/tf = 1, 

ftor = Ij 

= 11 , 0 , 
2) = 6, 
r = 5.75. 



Tlic rotor slot factor, 

„ /o'^/i/<S\ ( dir , th, , 2d.'tr , (111 'l 

I*»r = — Zi — I o f ' r — / 

Sr \3t0,r tOiir W,r -)- W,r^ W,r,/ 

0.9862 X 0.9502 y 5,4 

= 1 

05 

/ 0.35 0 2 X 0.03 0.0-l\ 

V3 X 0.205 0.205 0.205 + 0.00 ^0.06/ 

= 1.07. 


The stator and rotor ond-oonnoction leakage factor, 

0.40,S\/Vr ^ 0 40 X 51 X 0.889V6~^ = 1 39 
2)l„ ~ 6X6.5 

Tlio inaguotizing ourrenfc per phase due to the air gap ainporo-turns, 
2 22ATjp 2.22 X439 X6 

“ mNhU “ 3 X 144 X 0.985 X 0.950 
= 14,4 amperes. 


The stator and rotor zigzag loakago reactance, 


oilff 

127 


1,2 X 14 


1 [(!)” + (s)1 ■ " 



- - “ 
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stator winding, 


X, - 


2.0flgmN^ 


(F„ + F., + F.) + X. 


WS. 

2 0 X 60 X 5.5 X 3 X 1442 


(1.64 + 1.07 + 1.39) +0.154 


10^ X 54 

= 0.458 ohm per phase =13.9 per cent. 

The length of the bars in the squirrel-cage winding is 8,0 in. (see 
Fig. 199). The rotor resistance in terms of the stator winding at 75^ C., 


^ fc%^NHtr \ h 0 61Z>J 
10® .SiNb P^Sor J 


0.9852 X 0.9502 X 1442 x 3 X 0.826 




10 ® 

8 0 0 64 X 9.84 1 

[ o .070 X 65 62 X 0.219 J 

= 0 . 117 ohm per phase. 

The impedance of the motor at standstill, 

Z = VZj 2 + (R, + = Vo. 4682 + ( 0.118 + 0.117)2 

— 0 . 514 ohm per phase* [< •dO'* 


The short-circuit current per phase, ^ 
E _ 127 
Z ^ 0.614 


Is 


= 247 amperes* 






k — — >1 

Fia. 190* 


The power factor at standstill, 


pr. - 


R, + Rr ^ 0.235 
Z 0.514 


^45.7 per cent* 


The circle diagram for the 15-hp sample motor design is shown in 
Fig* 200 and is constructed as explained on page 309. The operating 
characteristics are: 


Full-load current, 
Full-load power-factor, 

Full-load efficiency, 


/ = 0(7 == 38.3 amperes. 

M 1. 00 , „ , 


Slip at full-load 




Fiill-Ioacl torque 


== 1200(1 00 - 0.033) 

= 1161 r.p.ni. I 

hp X 6250 15 X 6250 


n 1161 

= 67.9 lb. at 1-fL radius. 



Per Cent Load 

PiQ. 201. — Performance curves for 15 h.p,, 1200 r.p.m., three-phase, squirrcl-cngo 

motor. 


Starting torque for normal voltage = 


(If mE X 5250 
746ft 


65 3 X 3 X 127 X 6250 


t 


Maximum torque 


746 X 1200 

= 123.6 lb. at 1-ft. radius 
= 182 per cent of full-load torque. 
^ P<?ot^X 5250 
740tt 

101 7 X 3 X 127 X 6250 


The maxiiTumi horsepower output 


746 X 1200 

= 227.0 lb. at 1-ft. radius 
= 334 per cent of full-load torque. 
_ inn Em _ 79.0 X 127 X 3 
746 “ 746 


= 40 6 hp. 


The performance curves for this motor are shown in Fig. 201. 




INDUCTION MOTOK DESIGN SHEET 


Up. Ifl S. U.p m ► 1200 Cycles, 00 Poles, 0 I’lmscs, 3 
Amperea per Pliftso, 38,3 Volta per Phnso, 127 


Volls, 220 Ampa Line, 33 3 
AppuroJit JilHpiency, 07 0 


Statoh 

Slicot stool ... 

Outflido dinniotnr . 

Gap dianiotor ..... 

Total lonKtli ... 
Durta, ntimlior and aizo . 

Gross iron ictiRth 

ElTcotlvo length. 

Slots. 

Niiinbor, 3 X3 Xfl . . 

Depth 

Width 

Opening 

Mini mum tooth svJdth « 
Oonchietors: 

J*or slot. 

Size D.C 

Area 

Total section , . . . 

In Borioa per phase 

Ainpoios per acpiaro Inch 
Coiuluotora urranged in slot 
Insulation allowancor 
Depth .... 

Width 

Circuits per phaae 

Connections 

Coil tin ow 

Per eon I pi tell 

Lonatli half nioan-tiirn 
Jieaistance per phase, 70® C., 
Copper weight 


10 

O 0 000X0 201 

. . 0 oosori 

, .. 0 00 
.. . . lit 
. 23f*0 

. ... 1X10 


. . Star 

Slots I ntnl 0 

. « 8,0 

. . . 13 01 

. .. 0118 

3(>,0 


Sheet steel 

Gap (Ihunolor 

Inside diatnotor 

Total ImiRtli 

Ducts, number and siise . 

Kffoctlvo lenRth. . 

SlotsJ 

Nuinbor 

Dopli) 

^YhUb 

Opening . . 

Minimum tooth width.. . 
Total fluv, 0010 kllo-ilnes 


0 017— 

10 N8 

«0 

3.r> 

None 

3.00 

Of) 

O.'ia 

.... 0 20.5 

0.00 

0 282 

L., 0 {inn Pii,x 


Conductora, 

Pei slot. , , , g 

Size, baro , ... 

Material . , 

Sootioj) total . , 

In soncs per phase . . . 

Insulatioa nllowatico: 

Depth ^ , . 

Width 

Circuits per pliaao 
ConiiGctionn . 

Coil til row 
Per cent pitch . 

Pmd rmfi: 

Hectioii , 0 S.T XO 

MiUoiial 

Length Imlf monn^turn 

lies Js tan ce i»it phase, 70 ® C . , 

Conduot-or weight , , 

Length of Imr , , 

ST4TOU A.VD ROTOH 
Total re.'ustnnco per phase . ( 
Total tcactaiico per phase . C 
Total imped nnro iier phase , C 
Short-eireiut power factor . , 

fcJliort-circint current 

Friction and wlndago loss, . . . 

No-load stator 

MagnctiitinK current 

Watt component of Tq, . 

No-lond (Mirront 

No-lond power faci or . .. .. . 

FiilMoad current 

Fii|]-loa<l slip , . , 

Full-load speed 

Full-load torQue 

filfirting torque. . ... 

hfuNlmum tonpta. . . .. 

;Mn\i mum output. . . . 


Siiuirrol-cage 
. 0 20X0 33 

, , . Copper 
4 35 


0 2.'jX0 873 =* 0 210 
Copper 



I 


[ 1 11 

KiHoIcncy 



, SO 0 

Power factor 


• 

I 80 2 


per polft 701 kilo-linos f.^ , 0,050 C,, , 0 077 



Sention 

DonsI ty 

Length 

'Vnilioro 
Turns | 

Weight 

1 

Coro 

Loss 

Stator teeth. 

101 0 

G3 C 

1 31 

0 0 

30 3 

64 2 

Stator yoke 

10.78 

03.0 

3.8d 

17 

00 0 

03.0 

Rotor iootli 

07,00 

07.0 

O.dS 

2 


147.8 

Rotor yoke 

10.30 

00 4 

2 30 

11 


X 2.0 

Air gap 

100.00 

3d. 8 

1.56X0 020 

430 


203.0 

Total ainpero-turnn per polo. 






473 




Rheostat Data 
Opon-cireuit volts neross Hugs . 

Amperes per plinso 

Starting resistance per phase . . 


=5.32X10' . 

Polo pitch =5.75 . 
Total longtli « „ 
Polo pitch 


Designed by J, II, Kuhlmatm 


Date: Jnli/ 10, 


CHAPTER XX 


SAMPLE DESIGN OF WOUND -ROTOR INDUCTION MOTOR 

Design of Wound-Round Motor. — 'J'ho coinploto cnlciilations for a 
heavy duty 400-lip, 2000-volt, .‘l-plwisf!, OO-cyclo, l-I-pole, wound-rotor 
iiiiluction motor will bo given. Tlio full-load olTicioncy and power 
factor should not bo loss than 02.0 ijor cent and 84 per cent ro.spoctivoIy, 
and the maximum torque should not bo leas than 2.50 per cent of full- 
load torque. Tho tomjjoraturo riso of no part of the motor siioiild 
oxcooil 40° C. for continuou.H full-load operation. 


STATOR 

The synchronous speed, 

/ X 2 X 00 00 X 2 X 00 

” " p 14 

~ X (O'* = ^ X I0» = 777.0. 
n 514 


= 614 r.p.m. 


Prom tlio curve in Pig. 182, the output constant, C = 2.7 X lOh 
This must bo increased 20 per cent for this motor (soo page 280). 
Thoreforo, 

U = 2.7 X 10' X 1.20 = 3.24 X 10'. 


Por tho ratio, l/r == 1 . 0, 

.’i/ Chp X P ^ 3 / 3.24 X 10-* X 400 X~14 
^ nwl/r ^ SWXttXI.O 

= 48.2 in. 

^ ^ ^ 3.24 X 10* X 400 
“ D% " 48.23 X 514 


10.9 in. 



1 .UI, iiitiiiiuior uuci icngui lor several vjiiucs of 1/t are given in the 
following table: 


'I'AbLE XXVII 


^/r 

I) 

1 

r 

1 BO 

d2 1 

U 2 

0 -IB 

1.2.5 1 

U 8 

12 0 

10 05 

1.00 1 

48.2 

10 0 

10 80 

0.00 1 

50 0 

10 1 

11 20 


The following diiuensioiis are .seleclecl: 

n = ■15.12.5 in., / = 12 5 in., r = 10 12 in., l/r = 1 .235, 

To vonliliik) tl>c slafor core pi'ojKsrly, four vi'iitilating; ducts will be 
rtaiiiirccl (see page 2(57). The length of the air gap section, 

l„ => I — UaWit = 12.5 — <1 X 0 25 = 11.6 in. 

For an air gap density equal to ,32,000 linos ixir sq. in. the total flux, 

<h = 7rDl„n„ == TT X 16.125 X 11.60 X 32,000 
= 52, 100 Jcilo.:-]ino,s. 

If a slar-conncotocl stator winding is used, tho phase voltage, 


2000 

1.73 


11.57 volts. 


For a chord factor, /« ■= 1.0 tho conducloi's in sorip.<3 por pliaso, 

K X (50 X 10^ 11.57 X 00 X 10** 

^ ” 6 1 '1 X 52, 100 X 10 ^ X 0 . (577 X 1 . 00 

= 383. 


With (5 slot.s per polo por phase, the total nuinbor of stator slots, 
, S'. = (3 X 3 X 14 = 262 
and tho minimum tooth pitch, 

9r X 46.125 


lu - 


252 


= 0.603 in. 


Tho total number of conductors = 2 X 3 X 883 = 2300 foj' a 2-circuil 
winding. It will bo desirable to use a 2-circuit winding to avoid a largo 



with one circuit. The eondiiotors per slot, 

2300 


252 


= 9 1. 


Tho sWo, wWing will 11,0.1 l,o,o W conductor, im- .lot, 5 turn, 
mil, and tivo paialW circnils per ,,Iim„, with a coil throw slot 1 
17 or 88.9 per coiit of pitch. The chord factor, 


- sin (P X 90) = sin (0 889 X 90) = 0.985. 
Tlie conductors in series per pliaso, 


10 X 252 , 

N = = 420 


2X3 
and tho total flux, 

E X GO X 108 


<j>t = 


1157 X 60 X 10® 


iiNCwfe 614 X 420 X 0.677 X 0.986 
= 48,100 kilo-linos. 

Tho flux density in tho air gap, 

^100 X 108 


Pd = 


irDlg JT X 45.125 X 11.5 
= 29 5 kilo-lines per .sq. in. 


Fmin the fable on imgc 280 the o/ficioncy and power factor at 

nu “ PO' “"t -nspoclively. 

lUJi load stator current jxjr phase, 


1 = 


hp 746 


Em, X off. X PF 
= 111.0 amporo.s. 


400 X 746 


1157 X 3 X 0.92 X 0.84 


A current density of 2500 amperes per sq. in. is assumed, 
stator conductor section, 


Ss = 


111 


2 X 2500 ^ 


sions. 0.102 X 0.204 in, bare; 0.118 X 0.218 in. insulated; 0.01 


fiio iirmiiged in tlio slot as shown in Fig. 

202. AYilh tho tj'po of wccigo used, the allowance for insulation, clcar- 
anco, and wedge given on pago 280 must be increased to 0.50 in. The 
slot dimensions are : 

Width 0.218 + 0.10 = 0.378; 0.375 is used. 

Depth 0.118 X 10 + 0 50 == 1.08; 1.70 is used. 

Tho ourront density lor tho conductor selected for tho stator winding, 

. ilFO 

" 2X0“02O3 ■ 


Tho ininimiun stator tooth pilch hns boon given and the minimum 
tooth width, 


- /is — - 0.188 in* 

Tlio maximum flux clonsity in the stator teeth, 

D ti 

nm>ii) 0 .d 28 , 

48,100 X 10=’ 

^ 0.188(12,5 - 4 X 0.25)0.92 X 262 

= 96 kilo-lines per sq, in. 

Tlie flux per polo, 

<l>,fa 48,100 X 103 X 0.037 

^ == — 

1) 14 

= 2190 kilo-linos. 



ITie. 202. 


If a flux density of 80,000 lines per sq. in. is assumed for tlie stator 
yoke, then 

^ 2190 X 103 


d 


- n„H-rf)0.92 80,000(12.6 - 4 X .026)0.92 

= 2. 59 in. 


Tho outside diameter of the stator, 

Do = D + 2d„ -{- = 45, 125 + 2 X 1 .70 + 2.69 

5= 61. 116 in.; usoSl.Oin. 
and 

dn, — 2,476 in. 


V ■ 



2190 X 10“ 

2.475(12.6 - 1 X ~ 0.M)0:92 " »“ ■" 


By, — 


ROTOR 


The length of the air gap, 


6 = 0.125 - 


10.17 

■15 125 + 92 


0.051 in. 


Since this motor is intended for heavy dntj'^, it must I )0 of I'uggcd ( 
to withstand tlin shocks of heavy service. A largo air gap lon{ 
therefore closiraldc. The flux density in the air gap a.s calci 
is rather low. A large air gap lengtli can he u.sed wil.hout an oxc( 
inagnctiKing current. The length of tlie air gap is therefore made 

= 0 . 0025 in. 

The rotor diameter, 

Dr = '16. 125 - 2 X 0.0026 
= '15.00 in. 


The number of rotor slots should Ijo approximately 20 per cent rao 
less than the number of stator slots and must permit a balanced 3-r 
winding (see page 294). For this design, 4.5 slots per pole per j 
will be used or 189 slots, with a coil throw, slot I and 14 — 90.2 per 
of pitch. The chord factor, /« =* sin (0 . 902 X 90) = 0 . 998. ^ 
this winding, the coils per phase are in alternate groups of 4 and 5 
each. 

If 600 volts is assumed for the voltage between slip rings whei 
rotor is atationaiy with normal voltage applied to the stator win( 
then the rotor conductora in series per phase for a star-conne 
winding, 

^ 600 X 420 X Q.985 X 0.956 
' Ek2fcrfwr 1157 X 1 . 73 X 0 . 998 X 0 . 966 

= 124. 

With 1 circuit per phase, the total number of rotor conductors 
= 1 X 3 X 124 *= 372. 



wiuuing IS fioioctoii with 2 condiietors 

jior slot, Th(5 rotor volf.jigc'j 


K - 


I2(> X Q 008 X 0 05() 
420 X 0 985 X 0 050 


1157 X 1 73 == 008 volts. 


Tho ouiToni donsit}" for iho stator winding is mthor high. To 
avoid Iiigh copper lo,sHf‘s and consoqiiont low efficiency tlio total rotor 
copper section will bo taken equal to the total stator copper section. 

Sc, ^ Scr - ^120 X 3 X 2 X 0.0203 51.i sq. in. 


Tlie section area of radi rotor conductor, 


51 I 
2 X IHO 


— 0 130 sq. in, 


Two haro strap eopjinr condiicloi'a in pamllol are used for ilie rotor 
winding, each having tho following diniCMisions: 0.141 X 0.5D in. — 
().0(i<S() s((. in, area. The typ(' of i‘()(.or slot us('d and tho arrangoniont of 
the conditcfors in th(^ slot is slunvn in Kig. 203. 4'ho 
l)ar(^ coils are insulated witli cotUin tape and insulat- 
ing varnisli. Tlu^ insulation between core and coils, 0,0'15 
in. single thickiusss, is jilaced into the slols. Tlio width 
of the slot - 2 X (O.MJ + 0.015) + (0.015 X 2) + 0.02 
0,122 in.; use 0.425 in. A clearance of 0.020 in, is al- 
lowed for staggering of the laininntions. Tn th(^ depth of 
the slot, a separator, ().()2() in,, i.s placed betwe(ui tho coil 
sides in top and bottom of thi; slot. The allowance for 
the wedge ^ 0.194 in. (see Fig. 203). 4'h(j depth of the 
slot 2(0.50 + 0.015) + 0,020 + 0.015 + 0.020 + 0.194 =- 1.309 in.; 
use 1,31 in, 

I'ho mininmin rotor tooth width, 





Fr<j. 203. 




7r(7 )> - 2d.,) 
>SV 




7r(4.'),0~2X 1 .3]) 
189 


- 0.4215 = 0.281 in. 


Tho inaxiininu rotor tooth density, 

rj 

“ Wtr,{l - «,ilto)0.02S. 

48,100 X 103 

~ 0.28102,.'} - 4 X 0.25) X 0.92 X 189 
— 86,0 kilo-linos per sq, in, 







OPERATING CHARACTERISTICS 
The ratio of stator slot opening to air gap length 

0.0025 


From the curve, Fig. 53, y = 2 , (50. The tiir gap cooflicient for the stator 
slots. 


lu ^ 0 503 

WtH + iV^) ” 0 i88 + (2.0 X 0.0025) 


1 . 61 . 


The rotor slot opening — 0.20 in. The air gap coefficient for the 
rotor slots, 


k, 0 7-1!) 

lOin + (Z/S) 0.549 -F (1 90 X 0.0625) 


1 12 . 


The flu.x clcn.sily in the air gap is given on p.ago 322. The omperc- 
lurns per polo for the air gap, 

ATj = X 0.313 = 29,500 X 0.0025 X 1.61 X 1- 12 X 0.313 

= 10-10 ami)oro-turn.s. 


The stator tooth width at a section J tooth length from tho minimum 
section, 

x(/) + l(U 7rf45 . 1 2.5 + I X 1 . 70) ,, 

V)u, ~ Wj, rrz 0.375 


= 0.201 in. 


252 


Tho tooth density, 

48,100 X in’* 

“ 0.201(12.5 - 4 X 0.26)0 92 X 262 


89.8 kilo-linos per sq. in. 


From tho standard saturation curve for 1 per cent silicon steel, 
at<j = 15.4 anipero-tiirns per inch. 


The amporo-tui’iis per pole for tho stator teeth, 
AT„ = 15.4 X 1.70 = 26. 


Tho rotor tooth width at a section § tooth length from the minimum 
section, 

WT). -IVU 7r(45.0-UX1.3l) 



48,100 X 10'* 

""0 295(12 5 - 4 X 0.25)0.92X189 


81 . 5 kilo-linos per sq 


The ampere-turns per inch for this density, at(r - 9.10 for 1 pc 
silicon steel. The ampere-turns per pole for the rotor tooth, 


AT,r = 9 10 X 1.31 “ 12.0. 

The length of the flu.x path in the stator yoke, 

^ 7r(D -I- 2d„ -I- hd,.) ^ iriiH 125 + 2 X 1.70 -1-1 X2 
2p 2 X 14 

= 5.58 in. 

For the rotor yoke, 


_ ir(Dr — 2d,r — hdyr) _ 7r(45.0 — 2X1. 31— gX3.1S 
" 2p ~ 2 X 14 

= 4 58 in. 

The flux density in the stator yoke is given on page 324, and 
at„, = 10.2 ampere-turns per inch. 

Then, 

AT„, = 10.2 X 5.58 = 57 ampere-turns. 


For the flux density in the rotor yoke (see page 326), 
at,,, =4.5 ampere -turns per inch, and 
ATy, = 4 5 X 4.58 = 21.0 ampci-e-turns. 

Tlie total ampere-turns per pole, 

ATP = 1040 + 26 -k 12 -J- 57 H- 21 = 1156. 

The magnetizing current per phase, 

I„ = 2 22 X ATP X V ^ 2.22 X 1156 X 14 

m,Nf,U 3 X 420 X 0 . 986 X 0 . 966 
= 30.3 amperes = 27,3 per cent. 


The average width of a stator tooth, 

-?r(D + d„) t( 45. 126 -f 1.70) 

S, 252 



0.376 = 0.21 h 





Ullt; 


Qu = 0.21 X 11 6 X 0.92 X 252 XI 70 X 0 278 
= 204 lb. 


Tlie loss per pound por cycln for the sto-tor tooth density, = 89.8 
kilo-linos por s(j. in., is equal lo 0.0183 watt for 1 per cent silicon steel, 
0.017 in. tliiclc. The loss in tlie stator t<'oLh due to the fundamental 
frequency flux, 

TF„, = 0 0483 X 00 X 204 = 705 watts. 

The weight of the iron in tlic .stator yoke, 

Ocu = - U> + X 0.92 X 0 278 


= ^[51.02 -{45,125 -h (2 X 1.7)}2]11.5 X 0.92 X 0.278 
= 670 lb. 


Tlie loss por pound por cycle for the stator yoke density, =83.0 
kilo-linos por sq. in., is equal to 0.0393 watt for 1 per cent silicon steel, 
0.017 in. thick. The loss in the stator yoke, duo to the fundamental 
frotiuoncy flux, 

W,v = 0.0393 X 00 X 676 = 1300 watts. 

The total core loss (sec page 303), 

Wc = (706 -1- 1300)2.0 = 4260 waths. 


Tho friction and windage losses are estimated at 0.86 por cent of 
the output in watts, 264 0 watts. 

fl’lio cloaraneo between tho stator coils at tho cnd-connocti'ons is 
taken o(|ual lo 0 . 12 in. instead of D . 18 in., ns given in the table, page 305. 
The length of tho half-moan-turn of a stator coil (see page 306), 


Bs = 


7r(46.125 + 1.70) 
0.478 X 14 
35.7 in. 


0.889 4-2.0 + 1.70 + 12.6 


Tho resistance por phase of the stator winding at 75° C., 


Ba = 


L,Nr 

asaW' 


35.7 X 420 X 0.826 
2 X 0.0203 X 10“ 


= 0.306 ohm.’ 



V<V4.4. 4- 


= 30.32 X 0.305 X 3 = 840 
and the watt component of the no-load current, 


lu, = 


4250 -I- 2540 ■{- 840 


— 2.20 amperes. 


3 X 1157 
The no-load current, 

7o = V == \/3(r3=*”+2.202 

= 30.4 amperes. 

The no-load power factor, 

PFd = — = — T— = 7.24 per cent, 
io 3U.4 

The reactance is calculated by the formulas given on pag 
The following data arc rcctiiirod : 


60, 

11.5, 


/■ 

h 

m, = 3, 

N = 420, 

S. = 2.52, 
di, = 1.34, 
d2, = 0.255, 


Wit — • 0 . 375, 
P = 0 889, 
K, = 0.92, 
= 0.985, 
fw = 0 . 966, 
Sr = 189, 
dir = 1.05, 


d2r = 0.114, 

dzr — 0, 

d.lr = 0.10, 

io,r ~ 0.426, 

lOari 0 . 20 , 

Kr = 0.96, 
/cr = 0.998, 


Ur = 0.95 
D = 45.1 
p = 14, 

r = 10.1 
K„a = 0.00 
Kir = 0.00 


The stator slot factor. 


T? r. / , d2.\ ^ / 1.34 ,0.266\ 

X 3 wj ‘^3 X 0.375 '*' 0.376/ ’ 

Tl»e rotor slot factor, 

(±1. 

\3ia,r 

0 9852 0.9562 X 252 


" fJUr^Sr ' 


, d2r , dt 
i + 

I'af tv,,- W,r, 


-) 


0.9982 X 0.9662 189 

/ 1.05 . 0.114 


0.96 
0.10 


= 1.97. 


\3 X 0 425 ' 0.425 0.20/ 

The end-conneotion leakage factor, 

0.40S,pVT 0.40 X 252 X 0 SSOVuTTi 


F. = 


'pig 


= 1.77. 


14 X 11.6 


■o pimso, ciHo to tlie air gap ampere-turns, 


I mg — 


2,22 X 10-10 X M 


= 27.2 amperes. 


3 X -120 X 0 985 X 0.966 
The stator and rotor zigzag leakage reactance, 




I 7fio 

1157 


1.2 X 27.2 




Tiie stator and rotoi’ bolt leakage reactance, 

Xb = (Kb, + Kbr) == -^(0 0009 + 0 00185) = 0,117 ohm. 
i mg 37 . 3 

(K + Fir + Fe) + Xg + 


2.0 X 60 X 11.5 X 3 X 420^ 


(1.72 -f- 1.97 -}- 1.77) 


10' X 252 
+ 0.30-1 + 0.117 

= 2.0 ohms per phase =19.2 per cent. 

The lengUi of the half mean-turn of a rotor coil (sco page 306), 


Lr = 


7r(-i5.0 - 1.31) 
0,711 X 14 


0.963 -1-2.0 + 1.31 + 12.5 


= 29.11 in. 

For tlic equivalent rotor resistance per phase (see page 306), 

Rr 


' /» or a ^ ^ 

JwrJcr J^cr 


0.068* X 0 98.6* „ 20,11 ,, 61. 1„ 
0.968* XO.oisi -^7 ^ SIl 


Tlio impodanco at standstill; with no external rosistancG in the rotor 
circuit, 

.3 = VxF+1A + W^ = V 2 .O 2 + (0 305 + 0.2*1)=' 

= 2.07 ohms per phase. 


The stator current per phase at standstill, witli normal voltage 
applied to stator and short-circuited rotor, 




1167 

2.07 


568 amperes. 



R. + Rr 0 545 , , 

PF. = = 26 4 por cent. 


Z 


2.07 


The circle diagram is shown in Fig. 205. The operating clii 
istics avo : 


Full-load current, 


I ^ Og = 105.5 ampeim 


Full-load power factor, ^ == P'**’ 

™ (7/t 80 0 

Full-lond efficiency, off. = — = = 92,5 per cent. 


Slip at full-load 
Full-load speed 

Full-load torque 

Maximum torque 

Maximum hp 


hk 2,0 


= 2.28 per cent. 


gk 88.0 

= 71 (f .0 - slip) = 514(1,0 - 0.022 
= 502 r.p.m. 

_ hp X 5250 _ 400 X 52r)0 ^ ^ 

“ Full-load speed “ 502 

at 1-ft. radius. 

^ pq luE X 5250 ^ 232 X 3 X i 157 > 
740a 740 X 514 

= 11,000 lb. at 1-ft. ladius, 

mnniE 200 X 3 X 1157 


746 


746 


958. 


RHEOSTAT DATA 

The rotor voltage at standstill has been calculated on page 
The rotor current per phase for full-load, 


/r = 


hp746/c2 400 X 746 X 1.73 


= 290 amperes 


Er{l - slip)3 608(1 - 0 0228)3 

The rheostat resistance for full-load starting torque, 

„ Fr(l - slip) 608(1 - 0.0228) , , 

Rrh = — ^ ~ = 1.19 ohms. 

Irka 290 X 1 . 73 




Tig. 205. — Girele diagram fo: 


Hi)» 400 S r p m , 51 i Cycles, 00 Poles. 1 4 Plinsos. 3 
Arnpores per Phnsc, 105 5 Volts per Flinsc, 1157 


Volts, 2000 Amps. Lmo, 105.0 
Appuronii Eflicienoy, 


St\tor 

Sheet steel 

Outside diameter . ♦ < 

Gap diameter 
Total length 
Ducts, number and b 1!50 
Gross iron length 
r/Tectivc length 

Number, 3X6 X 14 . 

Depth 

Width 

Opening 

^Minimum tooth width 
Conductors* 

Per slot ► ^ 

Size G 

Area , 

Total section 
In senes per phneo 
Amperes per square inch 
Conductors arranged in slot. . 
I nsulatron a\lo *v ance; 

Depth 

Width 

Circmta per pluvaft . . . 
Connections. 

Coil throw . . . . . 

Per cent pitch. 

Length half mean-turn . . . 

nesistnncG per phase, 75® C,. , 
Copper weight , .... 


0 017- 


-1% Si. 
510 
. 15 125 
.. 12 50 
... 1-1 
11 50 
10 00 

. ..252 
. 1.70 
0 376 
. 0 375 
. . 0183 


. . 10 
C 0.118X0 218 
.0 0203 

51.1 

420 

2710 

1X10 

0 50 

0.10 

2 

. . . Star 
. Slots land 17 

88.0 

35 7 

0 305 

685 0 


HoTon 

Sheet Bleel . ... 0 017-^1% Si 

Gap diameter . ... 45,0 

Inside diameter , .... .... 30 25 

Total length , , 12.50 

Ducts, number and size 4-1 

Effective length 1060 

Slots* 

Number 180 

Depth 1.31 

Width 0.426 

Opening 0 20 

Minimum tooth width 0.281 

Total fluT, 48.100 kllo-lmes L., 0 986 Flux 


Conductors: 

Per slot 2 

Size, biiro 2-0.141 XO 60-0 0080 

Material Gopjicr 

Bootlon total 51.0 

111 son os pel ph (ISO 120 

Insulation alio ivn n no : 

Depth 0.270 

Width O.tlO 

Circuits per piiaso .... , Dno 

Coiineotlons .... . Ntnr 

Colt throw .... . Slots 1 atul 14 

Per eon 6 pitch .... . 00,2 

End ring: 

Section . . ....... 

Mnlorinl . . , .... 

Length half inonii'iuni. . . ... 20.1 1 

llesintanco per plmso, 76*^ 0.. . . 0 24 

Conductor weight 481.0 

Statoii and Rorou 

Total reslatanoo per phnso . 0,516-1 08% 

Total ronctftiioo per plmso . 2 0-18 26% 

Total impc<lanco per phnso ... 2 07-18,9% 

Short-circuit power factor 20.4 % 

Short-oirouit ourront 668 

Friction and win<iiigo loss 2640 

No-load stator 72/^ 810 

MaKiiotlziiig ourront 30 3-27.3% 

Watt component of 2.2 

No-load current 30.1-27.4% 

No-load power factor .... 7.24 % 

FulMoad current .... 106.6 

FulMond slip 2,28% 

Full-load speed 602 ,0 

Full-load loripic 4 IKO 

Starting torque 

Maximum torque. . . 11,000 

Maximum output 958 






1 ' 


Efnoloiioy . 



. . , . 

02 6 


Power factor 

.... 



88.0 



per polo, 2100 Idlo-llnos fw., 0 050 Car., 0.077 



Section 

Density 

Length 

Ainpcro- 

Turns 

Weight 

Coro 

Loss 

Stator teeth 

536 00 

$9 80 

1 70 

20 

204 

706 

Stator yoke. . 

26 20 

S3 00 

6 68 

67 

ni2 

1300 

Rotor teeth 

590*00 

81 60 

1 31 

12 


2126 

Rotor yoke 

33 20 

00 10 

4.58 

21 


X 2.0 

Air^ap 

1030 0 

29.60 

1 01X1.12X0 0026 

1 1010 


! 4260. 

Total amperedurua per pole 
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Rheostat Data 

Open-cjrcuit volts across rings. , ,608. 

Amperes per phase. , .. 200. 

Starting resistance per phage 1 19 

/fr=0 90S 
hpX103 


Polo pttoh =>10.12. , , 

Totnl lonpiHi 
Polopitoh ^ 


Designed by / // KuMmattn 


Dnto; Au{i,7,im> 





IV—Transformers 


CHAPTER XXI 
CONSTRUCTION 

The transformer is a device for “ stepping up or down the 
voltage or ctUTcnt in an alternating current circuit- The essential 
parts arc; a magnetic circuitj built up of sheet steel; and an electric 
circuit, consisting of one or more windings. Transformers may be 
divided into three classes: (1) Instrument transformers, (2) Constant- 
current transformers, (3) Constant-potential transformers. In the 
following pages, only the design and construction of constant-potential 
transformers, such as used to transform power from a liigh voltage and 
small current to a lower voltage and large current, or vice versa, will 
be discussed. 

Constant potential transformers are used for light and power 
service and are generally divided into two groups: (1) distribution 
transformers, (2) power transformers. 

Distribution transformers include si^cs 200 Kva and smaller which 
arc used to stop down the voltage from the distribution voltage to a 
standard service voltage, or from the transmission voltage to the dis- 
tribution voltage. They arc built for voltages up to and including 
66,000 volts, either single-phase or 3-phase. Standard sizes, voltage 
ratings, and taps for single-phase and 3-phase distribution transformers 
for the various system voltages have been adopted by the National 
Eloctrio Manufacturers Association.^ 

Power transformers include those sizes larger than 200 Kva wliicli 
are used to step up the voltage to the transmission voltage at the gen- 
erating station, or to step down the voltage at the substation. They 
also include those transformers in sizes larger than 200 Kva which are 
used to step down the voltage from either a transmission or a distribu- 
tion voltage to a standard service voltage. They may be either single- 
phase or 3-phase and have been built for 220,000 volts star. The 

^ ^^Haaclboolc of Ti’ftnsformer Standards,” 5th ed,, National Electric Manufac- 
turers^ Association, 420 Lexington Avenue, New York, 
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sizes, voltage ratings, and taps. 

Core.— The magnetic circuit of all transformers is built up f 
sheet-steel laminations. For 60-cyclc transformers, a *1 to 4.5 
silicon sheet steel 0.014 in. thick is used; for low frequencies, 2i 
a 2,5 to 3.0 per cent silicon steel sheet up to 0.019 in. thick is oft 
Silicon steel is used because of its non-aging properties and lov 



Fig. 200. — Core for small capacity rectangular core typo distribution trans 

For more complete information on the properties of electric shoot • 
the reader is referred to the splendid book by Thomas Sp< 
“ Properties and Testing of Magnetic Materials.^^ ^ After tho la 
lions are cut or punched to the proper size, they aro carefully an: 
to remove all punching or shearing strains, which increase tlao 1 
When the laminations have been annealed, a thin coating of insii 
varnish is applied in the same manner as described for armature lai 
tions of direct current machines, page 3. For small dislrib 

* “Properties and Testing of Magnetio Materials/* MoGrawJIill Bool 
New York, N* Y. 









Fia, 211, — Scolional drawing of shell typo transformer, 


Core Type . — ^Figure 200 shows tho core for a small coro-typo distri- 
bution transformer. Tho laminations aro L-shaped and are assembled 
through the coils which nm wound on a form, as shown in Kg. 207. 
Figure 208 shows a completely assembled, 15-Kva, 6900-volt, reot- 



completely ossemblod, 3-phaso rectangular core type distrit 
transformer is shown in Fig. 209. I'or high voltages, 22,000 volt 
higher, the cruciforni-shapod core section with circular coils sho' 
Fig. 210, is used. 

Shell Type— Tho shell typo of construction is generally best s 

for transformers for relativolj 
voltage or for rolativ<!ly largo c 
ity, which have a good 
factor in the winding. A sod 
assembly drawing of n shell 
transformer is shown in Fig. 
Tho windings are built up of “ 
cake ” typo coils, as shown in 

211. A completely a,sscinblod 
typo transformer is shown in 

212 . 

Disiribiiied Core Typo . — The 
tributed core typo constructic 
built with 2-pnrt, 3-part, an 
part distributed core. Tho 3 
.distributed core typo is usee 
small-capacity distribution transi 
ers for moderate voltages. Tl 
part distributed core typo is use 
distribution transformers and i 
power transformers. For smal 
pacity and modorato voltage 3 
and 4-pnrt distributed - core - 
transformers, tho core is asson 
as shown in Fig. 213, and tho 1 
ings are wound directly on tho 
For the lai’ger capacities and h 

Fia. 212. — Complete shell type trans- VOltagOS, tho coils are foun-W 
former removed from tank. and assembled on tho COi’C, as sl 

in Fig. 214. 

Tank. — Transformers are cooled by either one of tho folic 
methods: « 

(1) Naiural-air-cooled, for.yvhich the natural circulation of the 
rounding air is relied upon to cai'ry away generated bj 

* "The Modem Manufacture of Larg^Po^i’^ransfoi'inors,” by L. 11, 
Eleotrio Journal, Vol. 24, April, 1927, pp. 140 to 161, 





Fia* 214. 


-Method of aBsembling core and coils of largo capacity four-part distributed 
core typo transformer* 


(2) Naiural-oUnCooledj which method is used for all distribution and 
for power transformers. The transformer is immersed in a transformer 
oil which carries the heat to the walls of the containing tank. 

(3) Oil and Water Cooled— T^ov this method the transformer is 















coilH ot pip<> placed near the top of the tank under the surface of the oil. 

(d) Cooled by Forced Circululioii of Ihe Oil . — For this method tlio 
oil i« drawn from tlio tank, piissod through cooling coils on the outside 
of the tank, and returned to the bottom of the tank, 

(S) Cooled by Air Jilnsl, for which a continuous stream of cool air 
is forced through tlie core and windings. 

For small distribution transfonnom, a plain cast-iron tank has often 
boon used. Tho woldod-shoot-steol tank is, liowovor, used almost 
exclusively for modern Iransfoi'inoi’s. h’igims 215 shows a woldod- 
sheet-sleol transformer tank which is for tlie 15 ICva, (iOOO-volt, core- 
type l.ransformer shown in Fig, 208, For the larger-capacity distribu- 
tion transfonnors, it is diilioult to obtain sudicient radiating surface 
wiilr plain sluiet steel tanks to dissipate the heat without e.xcessivo 
temperature ri.so. increase tlio radiating surface, cooling vanes are 
welded to tho tank or corrugated sheet steel tanks are used as shown 
in h’ig. 210. Figure 217 is a top view of a tank with cover removed 
and shows how tho transfonnor is secured in tho tank and how tho 
leads are brought out of tho tank. 

For oil and wator-coolcd transformora, plain shoot stool tanks aro 
generally used. A sootional drawing of a 3-phaso, oil and wator-coolod 
transformer is shown in Fig. 218. It shows tho position of tho trans- 
former and cooling coils in tho tank. 


CHAPTER XXII 


CORE AND WINDINGS 

Transpormehs may bo designed forininiimim cost without regard 
to the losses, or for miniiniiin total losses. 

There is a lower limit to the cost for which n given transformer can 
bo designed, because the copper density cannot bo worked above a 
certain value because of heating; also, the core density is fixcfl Ijy sat- 
uration of the magnetic circuit. The lowest-co.st transforinor will 
generally be the one for which Iho cost of iron and cost of co 2 )por arc 
approximately equal. 

With the densities fixed in core and copper, the ininimuni total loss 
transformer is tlio one for which the core loss is approximately oqunl to 
the copper loss at full-load. Sucli a transformer will have maximum 
eflicicncy at full-load. 

Transformers intended for lighting load — distribution transformoivs — 
sliould have the coi-c loss as small as possible, because thoy operate at 
light-load the greater part of the day and at full-load only a fow hours. 
For suoh transforraors tho ratio of the core loss to the copper lo.gs, 

W« 

~ = 0.30 to 0.70. 

rrt 

Largo power transfoi’Jnors aro gonorally do, signed with tho core loss 
approximately equal to the coppor loss at full-load. 

Tho loss por pound for l,ho core can bo found from tho loss curves in 
tho Appendix for various grades of sheet stool. Tho coppor I 0 .S 3 for 
75° C. is calculated by formula 139a. 

Wt = A2f?t X 2.68 X I0-" watts. 

Tlio loss por pound, 

Wt 

wjb => 77- = A® X 2,68 X 10~® watts. 

Ot 

When tho flux density in tho core and tho current density in tho copper 
have been determined, tho loss por pound in core and coppor can rcaclify 
be calculated. 
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It is the current drawn from the line to maintain the flux in the mag- 
netic circuit. In order that this current shall bo as small as possible, 
the flux density in the core must be below the saturation point of tlio 
grade of sheet steel used. Silicon steel has a high permeability at low 
values of induction, but at high values of induction the permeability 
decreases rapidly (see standard saturation curve in Appendix). For 
distribution transformers, the flux density in the core is generally, 

B = 55,000 to 75,000 linos per sq. in. 


Distributed-core-type transformers are usually designed with densities 
of 75,000 to 90,000 lines per sq. in, in the center log and 40,000 to 55,000 
lines per sq. in. in the remainder of the magnetic circuit. In this way 
the length of the mean- turn of the windings can bo reduced without 
sacrifice in core loss, because the central core is only a small part of the 
entire magnetic circuit. When neither core lo.ss nor magnoiijiing cur- 
rent but only first cost is important, slightly higher values for B can be 
used. For large power transformers, the flux densities in the core should 
generally not exceed 90,000 lines per sq. in. 

The current density in the copper is limited by the oflicieucy and 
the allowable temperature rise. For distribution and small power 
transformers, self-oil-cooled, 

A — 700 to 1500 amperes per sq, in. 


The low values apply to tho small capacities up to about 60,Kva. For 
large power transformers, sclf-oil-cooIcd, 

A = WOO to 1900 amperes per sq. in. 

The ratio of core loss to copper loss, 


TFq _ Wc X Oe 
Wi ^Vh X Gk 


(210) 


When the densities in the core and copper are fixed, the loss per pound 
for core and copper can readily be determined. The ratio of weights 
for a given ratio of losses can easily bo calculalod by|Cquaiion 210. 
The ratio of core weight to copper weight generally lies between the 
limits 1.5 and 3.0 for distribution transformers, Ji'or small-capacity, 
single-phase, core-type transformers, the ratio of weights is often less 
than 1,50. For high-voltage power transformers, it may bo twice the 
values given above. 


1 ;,** — xiic geotion area ot the core is readily determined 

when the total flux is known. The curve in Fig, 219 gives average 
values of 4>t for distributcd-corc-type transformers. The reader must 
not conclude that distril^utcd-eoro-type transformers are to bo designed 
with values of total flux as given by this curve, These data are given 
uioi'oly to guide the beginner. Satisfactory designs can be obtained 
with values of 0/ either larger or smaller than those given by the curve. 
For tho core t 3 iro of construction, the best design is genei’ally obtained 
with a smaller total flux than that used for the clistributed-core4ype 
transformer. For single-phase, core-type transformers, multiply the 



Fm. 210, — Total flux for four-part distributed eorc type transformer. 


values of (j)i in Fig. 219 b,y 0.65 and for 3-phaso core type by 0.60. 
section area of the coi’o, 




ti 


Tho 


Dr. Arnold ^ has developed tho following output equation by which 
tho fiootion area of tho core can bo calculated when tho output constant 
is known. For a single-phase transformer tho output, 


Kva = El 10“^. 


The induced voltage, 
and 


E -^^AMJtBAo 10-» volts 
1 == Asc. 


i “Dio WoohsolstromlGchnik/’ by F, Arnold, Vol, IT, 2nd ed,, p. 310, Julius 
flpringor, IBorlin; sgo also “TJie Essentials of Transformer Practice,’^ by Emerson 
Ch Rood, 2ncl od., p. 62, D. Van Nostrand Co., New York. 


\ 






( 211 ) 


'rh(! woijrhi. of (,ho core, 


aiul Uio woiffht of (.ho coppor, f) 

(It = 2li{ehot lb., 

if l.lio w«'i(i;hfH of tho lugli voUago tiucl that of Uio low voltage winding aro 
iiHuuiiMul 1,0 1)0 (!<iual. 

4 'ho ratio of tho ooro weight to the coppor weight, 

((q circle ^ 

(Jt 2ltfchffk 


Tf tho ratio of tho moan length of tho magnetic circuit to tho mean- 
(iiirn of tlio winding ia oaHUmod to ho constant, which is approximately 
true for a given typo of tninaforinor, then 

(ffl ■d ,, 

(h ~ 
and 


Substituting (.his expression into equation 211, tho core sootion, 


pCva^lQi' 


■BAf 


( 212 ) 


^'ho output constants for tho various typos of construction aro given 


below: 

'I’ypo of Tmiisformor C 

Difltribulcd core typo O.fiC to 0.(35 

Kiiiglc-phaso ooro tyi)o O.'IO to 0.66/ 

'I’liron-plinso core typo 0.30 to 0.60 

iSinglo-phaso sliotl typo 0.80 to 1.0 


Tho shape of tho core section is rectangular, square, or cruciform. 
For ooro-typo distribution and snnall power transformers for moderate 



r vnK. n>v>wHiKiiiiu-fc,iKipca core section sliown in Kg, 220 

is gonomlly used. The dimonsions of 
tlio section cixn 1)0 calculated as fol- 
lows: The long side of tho core sec- 
tion is generally from 1,4 to 2.0 
times the short side. Tho notches 
on tho corners of the section shown 
in Fig. 220 are often omitted on 
transformers below 25-Kva capacity. 

For small core sections, 



Ao = ahki 
b ^ (I A io2.0)a, 



K(J. 220, 



Fia, 221. 


TJlo^ofor(^ 


^n.4 


Ac 


'(1.4 k)2.())/cx' 
When tho comors ivro notched, ns shown in ]'’ig, 220, 


I Ac + 0.0fi4/i!i 
“ ”^(1.4to2.0)&i’ 


(213) 


(214) 


For sholl-typo transformors (soo Fig. 221), the ratio b/2a gonorally 
lies botwoon tho limits 2 and 3. When tboro aro no ventilating duels 
in tho core, 

* Ao 

y t= 

2o/i/i 

When circular coils aro rcquii’od for high voltage distribution and 
largo power transformers, tho cruciform-shapod core shown in Fig. 222 
is used. Tho diinonsiODS of tho soction to give tho maximum area of 




for the section sltown in Fig. 222 equals 
A 


Then 


— = 2«2i» + (2& - 2a) 2a = 4(2a/; - a^) 

/ii 

n . , J> 

fl = — sin a: o — -r cos «. 

2 2 


Ac . D f)- . . 

=: 4(2— sin a — cos a r sin- txj — J)-{2 sin a cos a — sin-^ a). 

ki \ 2 2 4 / 

The value of tlie angle « that will give the niaxitmnn core section can 
bo foun<I by tliffnrentinting (ho aliove equation witli respect to a and 
equaling tlio lesultaiit expiession to noro, 

,A„ 

d— 

— tb =s /;i!(2 cos 2a — 2 sin a cos a) = 0 
(la 

tan 2a - 2; « = 31,76^ 

Thcrofoie rt = {).2637;; /> = 0.4257X 


The gross section area of tho core is, then 

= 2a2ti -I- (2& - 2«)2rt = 0.0187)2. 

/t!| 




Tho ratio of tlio not area of the coie to tho area of tho oircumaoribed 
circlo is called the coro space factor, /„. Tho lamination factor, /q, 
can bo taken equal to 0.90 for 0,014-in. silicon shoot stool. Then, 


fes 


0.6187)2 X 0.90 


= 0.70. 


(216) 


7r/47)2 

For largo coro areas, a section, such as that shown in Fig. 223, witli 
three or moro steps is ofton used. Such cores arc expensive to build but 


^ pjLrOttUbU U 1 Lll (3 SHlELlJCr Clift ni" 

etor for a given core area. Circular coils are preferred for large power 
transformers because of their superior mechanical characteristics.^ 
A transformer coil, under the magnetic stresses produced by excessive 
leakage flux due to short-circuit, tends to assume a circular form. On' 
circular coils^ those forces are radial and there is no tcndonc}'' for the 
coil to change its shape; on rectangular coils the forces arc porpencliciilar 
to the conductor and tend to give the coll a circular form. 

The values of tho various angles for 2-, 3-, 4-, and 5-stop cores, to 
give tho maxinium area for a given diameter, have been calculated by 
^V. B. Garrett ^ and aro given in the following table. 

Tho dimension z, Fig. 223, must be largo enough to allow for end 
plates, nuts, etc. Tho space so i*c(iuircd generally varies from 15 per 
cent of the core diameter in largo cores to 25 per cent in small cores, 
whicli corresponds to an angle for tho most rouioto stop of from 57*^ to 
48^^, ^espec^ivGl3^ Table XXVIIT gives tho various angles for 2-, 3-, 
4-, and 5-step cores in terms of tho angle for tho most remote stop, 
wliich is called the fixed angle. 


TABL]*; XXVIII 


Anglo 

2-Htop 1 

3-Stop 

3~StO]) 

(1 Duot) * 

4-Stop 


6-Sto|3 1 
(1 Duet) ♦ 

5-Slop 
(3Ducts) t 

c 






Fivnd 


$ 




Fixed 

Fixed 



7 


Fi\od 

ITixod 

0.7855 

O.780« 

Hi 



Fixed 

0.712r 

0.7Mr 

0.5035 


0 491e 

0 51U 

<x 

0.553/? 



0 3215 

1 0 3375 1 

0 201 « 

0 20!)€ 


wiiltli of Uunt *=» 0.030 i). 
t WhUIi of (hiot O.Olfi />. 


With tho soclion area of tho core dciorminccl and tlio flux density, 
5, fixed, tlio total flux, 

<l>i - BA,. (217) 

Tlio munlior of turns for the high-vollago winding, 

^ ISn X 30 ^ 

4.4^1/cA, 

® ‘^Ch'ciilnr-Coil Tligh-VoUogo Power Transformers,^^ by Clinton Jones, Gonornl 
Flcctric Review, Vol. 24, May, 1021, pp. 309-401; “Fimclamoiital Principles of 
Prosoat-Dfty Transformer Design,'' by W. M, MoConahoy anti J, F. Peters, Elec- 
trical World, Vol. C9, Jan. 20, 1017, pp. 129-132. 

^ 'An TnvosUgation into the .Sectional Proportions of the Gores of Circular Core 
Typo Transformers," by W. B. Garrett, World Power, Vol. 6, Doc. 1026, pp. 292'"298. 














Tho voltage per turn 



The Gurrent in the liigh-voltago winding, 

, Kva 10'^ 

Ik = ainporos 

A/* 


and in tlio low- voltage winding, 

h = ^^1 1 h amporos. 
h 

Tho section area of tho conductor for the high-voltago winding, 

h , 

Sch - ^ sq. in. 

and for tho low- voltage winding, 

h . 

Sci — ^ sq. m, 


To obtain the desired ratio of core loss to copper loss, it is necessary 
to determine the core dimensions that will give the previously fixed ratio 
of core weight to copper weight, The ratio of tho heiglxt of tho window 
op(3ning to the width will gonciully lie between the following limits: 


hiv/ii)w 2.0 to . 0. 

Tlio copper space factor, that is, tho ratio of the not copper area in 
tho window to tho area of tho window, varies with tho capacity of tho 
transformer and with tho voltage of tlie windings. Tho curves in Fig. 
224 give average values for /, for tho various types of transformers. 

For single-phase transformers, tho area of tho window, 


htvWto — 


Schth + Sclil ^(Schth) 


u 




sq. in. 


u-i^iUL&u ctji'o lype tninsforniors, 

.. _ 2(.Wa + Scih) ^(uchth) 

flwWw — ^ gfl I 


sq. in. 


/ ? fs 

From the oxprcaaion for the ratio of the dimensions, 


IVto - 


hit 


2.0 to I 0 


in. 


T]u3roforo 


and 


, J(2.0to4.0)2,svA . , . , , 

fiw in. for single-phase 

Ja 

, ^ 1(2 A) to 4,0)4%A , ,, , 

hw = '\j 'z in. for 3-pliase. 


(218) 

(219) 


Bofoi’o proceeding with tlio design of tlio windings, it will bo desirable 
to chock the approximate eoro and copper weight, to determine whether 
the desired ratio of weight can bo obtained with the core dimensions 
solootod. (Sco sample designs, Chapter XXIV.) 



Design of Windings, — The windings of transformers must bo 
designed to give the best possible electrical characteristics with the 
proper moolmnical strength to withstand the stresses due to short- 
cirouils and witli proper ventilation to avoid excessive temperature rise 
and hot spots The* approximate electrical characteristics of single- 
phase distribution transformers for 2300, 4600, and 6900 volts are given 
in Tables XXIX and XXX. Similar data are given in Table XXXI 
for 3-phaso, 4600-volt, star-connected, distribution transformers. 





l]3r4ECTIlICArj ClIAItACTBRrSTlCS OF SuLF-OlL-CoOIiED DlBTnillimON TllANSFORMlJHS 
SiNOLB-Pn vsE, GO Cyclfb, 2300 and 4000 to 115 and 230 Vodtb 


Kva 

Lo.sses 

Effi- 

ciency, 

Pull- 

Load 

1 llogulation 

Per Cent 

Coro 

(Copper 

100% PF 

80% PP 

IH 

IX 

IZ 

1 5 

25 

54 

95 0 

3 61 

3 57 

3 50 

1.15 

3 78 

3.0 

32 

S5 

96 2 

2 88 

3 25 

2 83 

1.65 

3 27 

5 0 

46 

128 

06 6 

2 58 

3 10 

2 56 

1.85 

3 10 

7 5 

58 

176 

96 9 

2 39 

3.00 

2.34 

1.89 

3 02 

10 0 1 

73 

226 

97 1 1 

2,28 

2.77 

2.20 

1 00 

2 77 

15 0 

90 

320 

97 3 

2 10 

3,21 

2.13 

2 51 

3.30 

25,0 

133 

400 

97 6 

1 08 

3 20 

1.96 

2.72 

3 35 

37.5 

172 

670 

97 6 

1 98 

3 25 

1.05 

2 82 

3 43 

50 0 

210 

780 

98 0 

1 68 

3.15 

1 60 

3, 10 

3 53 

75.0 

330 

1 1200 

98.0 

1 65 

3 15 

1,50 

3 11 

3 50 

100.0 

•150 

1400 

98 1 

1 60 

3.20 

1 '15 

3 38 

3,08 

150 0 

590 

10f)0 

! 98.3 

1.32 

' 3 30 

1 27 

3.80 

4 00 

200.0 

920 

2-100 

93 3 

1 27 

3 37 

1 20 

4 02 

4.20 


TABLE XXX 


ElECTIUCATj CriAnAOTERIfiTlCB OF fjJiJDf^OHi-OoajiTiJI) DiBTmnUTION TRANBFOUMEIia 

SiNauj-PirARR, 00 Cycles, 0900 to 115 and 230 Voltb 



Losses 

Effi- 

Kogulafcion 


Per Cent 


Kva 



cioncy, 








Pull- 







Core 

Copper 

Load 

100 %PF 

80% PP 

IR 

IX 

IZ 

1 5 

28 

42 

95 5 

3 00 

5 00 

2 80 

4.60 

5 40 

3.0 

38 

85 

96 0 

3.00 

6.00 

2.83 

4 67 

5.37 

5.0 

49 

140 

96 3 

2.95 

6.00 

2,80 

4.60 

5.40 

7.5 

71 

176 

96 8 

2.46 

4.90 

2.34 

5.05 

5 56 

10 0 

81 

220 

97.0 

2 35 

4 85 

2.20 

6.16 

5 60 

15 0 1 

106 

320 

97.2 1 

2.30 

4.70 

2.13 

5 00 

5.44 

25.0 

168 

464 

97 6 

2 06 

5 10 

1.86 

7 02 

7 26 

37.6 j 

208 

696 

97.9 

1 80 

6.00 

1.69 

6.21 

Q 41 

50 0 

280 

785 

97.9 

1.75 

4,90 

1 67 

6 06 

6.26 

76 0 

394 

1030 

98 1 

1.55 

4.70 

. 1 38 

6,00 

6.16 

100 0 

600 

1230 

98.2 

1 40 

4 30 

’ 1 23 

5.64 

5.68 

160,0 

900 

2010 

98 1 

1.60 

4,35 

1.34 

6 47 

' 5.04 

200.0 

1100 

2650 

98.1 

1.60 

1 4 40 

1 33 

5.67 

5.72 



ijiUljJli AA-Vl 


EijBgtiiicai. CiiAiiAoramsTrcs of SELs'-Oiii-CoowsD Distoibution Thawspormuuh 
'ritBHE-PiiASH, f)0 Oyobks, 4000 TO 230 Am> 460 Vobts 


Kvu 

Losses 

KHL 

oiency. 

lleguhilioii 


Ter Co7it 


Coro 

Copper 

lAilL 

Load 

100%PF 

80% PF 

IR 

TX 

IZ 

5 0 

74 

148 

95 8 

3 00 

4.01 

2.96 

2 73 

4.03 

7 5 

84 

203 

96,5 

2.75 

3 86 

2 7J 

2 SO 

3 SO 

10.0 

96 

250 

96 6 

2 56 

3 70 

2.50 

2 84 

3 78 

1/5.0 

122 

340 

97 0 

2 30 

3 70 

2.26 

3 16 1 

3 88 

26 0 


610 

07.3 

2.0!) 

3.05 

2.04 

3.37 

3 94 

37.,^ 1 

227 

760 

07.4 

2.06 

3 78 

2.00 

3 (}4 

4.16 

50 0 

277 

040 

97 0 

1 95 

3 87 

1.88 

3 95 

4 37 

75 0 ' 

352 

1310 

97 8 

1 81 

3 75 

1.75 

3 92 

4 30 

100 0 1 

476 

1630 

98,0 

1 60 

3 60 

1 53 

3 07 

4.26 

150.0 1 


2M0 


1 51 

3 60 

1.43 

4 10 

! 4.34 

200,0 j 

892 

2720 

98 2 

1 48 

3.65 

1.36 

4.27 

1 4,49 


Tho A.I.B.E. Slantlarda specify Unit the loinpcmluro rise of trans- 
former windings shall not exceed 65° C. for class A insulation, and 76° C. 
for class 13 insulation. Tho temperature is to bo determined by tho 
resistance method and chocked by thermometer. Tho typos of materials 
iiielutlod in class A and olass 13 insulations are given on page 122. 

In winding and assembling the coils of a transformer, either of two 
polarities, subtractivo or aclditivo, may bo produced. Figure 226 
show.s an olomontaiy diagram of a lontled transformer.''’ The direction 
of tho voltage induced in the primaiy winding at a particular instant 
is .shown by Ep. Tho flow of current in tho primary winding is from the 
terminal at which tho impressed primary voltage is positive to the ter- 
minal at which it is negative and is opposed by tho induced primary 
voltage Ep, Tho load component of tho primary current .sots up a 
magnoLomotivo force which tends to produce a flux in the core in tho 
direction indicated by m.m.f.,,. Since the direction of current flow in 
tho secondary must produce a magnetomotive force to oppose m.m.f.p, 
it must flow in tlio direction shown in tho diagram, producing a flux 
tondenoy in tho direction indicated by m.m.f.,. TJio flow of current 

•* A.I.E.E. Standards No. 13, Traiisfownors, Induction Rogiilaiors and Reactors, 

p. 8, 

' "Notes on Transformer Polarity and Connections,” Part I, by John Anolun- 
closs, General Eleotrioal Iloviow, Vol. 20, Nov., 1920, p. 783. 













fore, from left to right, that is, tho lefi-liand terminal of tlio soeonclary 
winding is positive and the right-hand one is negative. Tlui socondary 
voltage, has the direction shown in Fig, 225. It will be observed 
that Ep and have the same direction. Adjacent primary and 
secondary terminals, therefore, have the same polarity, the left-hand 
primaiy and secondary terminals at the instant chosen l)cing positive^ 
and the right terminals negative. 

The polarity of the transformer just described is called subtractive. 
If two adjacent primary and secondary terminals are connected, as 
shown in Fig. 225h, and voltage applied, say, to the primary winding, 
the voltage measured by a voltmeter connected across the oilier acljacont 
terminals will be the difference lictwoen the primary and secondary 
voltages; hence, the term subtractive polarity. 

If the secondary winding in Fig. 225a were wound on tlie core in the 




+ LoJ- *\ 

Lodd 

(Q) (b) 

Fia. 226. 


r 



iau 

tc 




opposite direction, as shown in Fig, 22fia, tlio soconciaiy cuiTcnt would 
have to flow in a direction opposite to that shown in Fig. 22r)a. Thoro- 
fore, at the instant when the left-hand primary terminal is positive, 
the left-hand .secondary terminal is negative, and tho current flow in 
external circuits is in the oppo.sitc direction, as are also tho voltages 
Ej, and E, in the internal circuits of the transformer. Tho polarity 
for the transformer shown in Fig. 226 is called additive for the reason 
that, if two adjacent primary and secondary terminals are connected, 
and voltage is applied to either the high or low voltage winding, tho 
voIta,ge measured by a voltmeter connected across tho other adjacent 

primary and secondary voltages. 

The windings of transformers may be arranged concentrically with 
reference to one another, gv they may be arranged in groups of high 
voltage and low voltage coils stacked alternately one upon tho other. 
The former rs Imown as tho concentric type of winding and tho latter 
as tine interleaved type. 



^4. tr wii-/ iLiW” vulture* cuii^ m’o woimci 

in cylindrical form or in rectangular tubular form and generally have 
only one layer, Two Jay or, low- voltage coils arc, however, not uncom- 
mon and more layers may be used if proper ventilating ducts are pro- 
vided, The high-voltage coils for moderate voltages/ 6900 volts and 
below, are gouerally wound with several layers and are placed on the 
outside of the low-voltage coil To avoid hot spots in the coils, the 
depth of winding must bo kept small This is done by winding the 
coils in sections and separating them by ventilating ducts. Figure 227 
shows the coil group for a rectangular core type transformer with a 


HIGH VOLTAGE LOW VOLTAGE 



Fia. 227. — Concontrio wound coil with two-secUon low voltage and high voltage coila. 


twO"Sootion, liigh-voltago winding placed between the two coils of the 
low- voltage winding. For high-voltage, concentric-coil- type windings, 
the coils are generally wound and arranged as shown in Fig. 228 , 

The interleaved type of winding is shown in Fig, 229. It consists 
of thin circular or rectangular shaped coils arranged in high-voltage and 
low-voltage groups and stacked alternately one upon the other. 

The ^qonductor^.am pither. rftU.nd; square, or rectangular in section 
and are dojible^coti on-coyered or insulated with a treated paper held 
in place by bands of cotton thread. To avoid large eddy-ourrent 
losses, large conductor sections must be built up of several small con-j^ 
ductors in parallel When the parallel conductors arc wound on top 







luuLur ana low neat conductivity. Paper and empire cloth are 
generally used for the layer insulation. The tliickness depends upon 
the size of the conductor and the voltage stress between layers. For 
largo conductors, the tension required to wind the coils is greater than 
foi small ones, therefore the layer insulation must have greater inechani-* 

Low Whoe Groups. 
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Fia, 229. — Section of interleaved type of winding with disc type high voltage and 

low voltage coils. 


cal strength* For conductors of 0.040-sq. in. area and smaller the thick- 
ness ® of the insulation between layers may be taken equal to 0.005 in. 
for cacli 20 to 30 volts. 

® Much useful information on the insulation of transformer windings is given by 
A. P, M. Fleming and R, Johnson in. Insulation and Design of Electrical Windings,*^ 
pp. 166 to 176, Longmans, Green & Co., London. 





i<or section-wouncl coils witn omy one turn per layer, sucn as ■one 
coils used for the interleaved type of winding arrangement, the voltage 
per turn inaj^ be 70 to 80 volts, because additional insulation can readily 
be wound between turns. 



Fio. 230, — ^Partially wound 'low voltage coil with three transposed conduotors, 


For transformers for 7600 volts and higher, the end turns must bo 
specially insulated because abrupt changes in potential may raise the 
voltage between the conductors near the terminals to many times the 
normal value.'^ The percentage of end turns that 
must bo specially insulated varies from i2,5 per cent 
for 7500 to 16,000 volts to approximately 15 per cent 
for 220,000 volts, Messrs. Fleming and Johnson re- 
commend 2.5 per cent for 10,000-volt windings and 
an additional i per cent for every 10,000 volts. Figure 
232 shows the oncl-turn insulation for a 132,000-volt, 
concentric-type winding, 

The insulation between core and windings and be- 
tween high-voltage and low-voltage windings of con- 
centric-coil-typo transformers generally consists of 
molded cylinders or rectangular tubes. These tubes 
have high dielectric and mechanical strength and are 

^ ''Protection of Internal Insulation of a Static Transformer against High 
Frequency Strains,” by W. S. Moody, Trans. A.I.E.E, Vol, 26, Part 2, p. 1173; 
” Choke-Coils Versus Extra Insulation on the End Windings of Transformers,” by 
8. M. Kintner, Trans, A,I,E.E., Vol, 26, Part 2, p. 1169; "Transformers: Some 
Theoretical and Practical Considerations,” by A, P. M. Fleming and K, M, Fayo- 
Hansen, Journal I,E.E. Br. Vol. 42, 1908-09, p. 373, 
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±L\ju uy uiis. j-iio aio IOC trie Strength ot the insulation 
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Fig. 232. — Concontrio typo winding nnd inBiiIaiion — 132,000 volt Imnsformor. 



Water-Ports per Million by Vo I ume 
Fig. 233. — Dioicctrie strength of insultvting oil. 
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sulation test made on transformers is usually in accordance with the 
standardization rules of the American Institute of Electrical Engineers. 
Eor standard transformers, the standard test voltage ^ to bo applied 
between windings and between windings and ground is as follows: 

Transformers and other induction apparatus shall have each winding tested by 
applying to the winding under test an alternating voltage, for one minute, of twice 
the rated voltage of the circuit to which the winding under test is connected, plus 
IQOO volts. For windings rated below 660 volts, the test voltage to be applied 
between high-voltage and low-voltage winding and core is 4000 volts, and for wind- 
ings rated 650 volts to 4500 volts, the teat voltage is 10,000 volts. For low- voltage 
windings, rated 1600 volts and below, the test voltage between winding and core is 
4000 volts, and for 1500 to 4600- volt windings, 10,000 volts, 

The thickness of the insulation between high-voltago and low- 
voltago coils and between low-voltage and core will depend upon the 
voltage of the windings and upon the mechanical strength required for 
winding and assembling the coils. The dielectric strength of molded 
insulating tubes \ in. thick is 100 kilovolts. More complete informa- 
tion on the insulation thiclmess required for transformer windings is 
given by Messrs. Fleming and Johnson.^ In addition to tho insulating 
barriers, ducts arc used between low-voltage winding and core, and 
between high- and low-voltage winding. The width of the ducts is 
generally J in. in small capacity transformers and to | in, in largo 

capacitj^, high voltage, power transformers. These ducts are used 
primarily for cooling purposes, but for oil immersed transformers they 
also have a marked insulation value, Insulating oils, such as used for 
transformers, have a high dielectric strength when clean and free from 
moisture. Figure 233 shows the relation between the amount of water 
in insulating oil and tho dieJoctric strength, Tho transformer stand- 
ards of the Electric Power Club specify that insulating oil used for 
transformers must meet the following requirements: 

Transformer oils shall bo capable of withstanding at commovcial frequencies, 
22,000 volts between l-in. disc-terminals spaced 0.10 in. apart.^' 

For voltages above 6900 volts, tho insulation between windings and 
between windings and core is generally arranged as shown in Fig, 234 
(see also Figs. 227 and 232). 

®For complete statement of dielectric test, see A.I.E.E, Standards No. 13, 
Aug., 1925, p. 14, 

® “Insulation and Design of Electrical Windings,” pp. 166-176, Longmans, Green 
& Co., London; ^^Herkolito Insulating Materials in Transformers,” General Electric 
Review, Vol. 29, Feb., 1926, pp. 102-108. 

“Electric Insulating Oil,” by Dean Harvey, Electric Journal, VoL 26, Fob. 
and March, 1928. 





Fiq* 234, — Sketch showing section through window of a liigh voltage concentric 

disc type transformer, 
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Fio> 236 —Section of moderate voltage four-part distributed core type transformer. 
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rigid supports at the ends of the coils to prevent distortion produced by 
the short-circuit forces. 

For voltages below 6900 volts, the insulation between core and coils, 
and between high-voltage and low-voltage winding, is generally a mica 
pad. Figure 235 is a sectional drawing of a moderate-voltage, dis- 
tributed-core-type transformer and shows the usual method of arrang- 
ing and insulating the windings. No ducts are used between higli- 
voltage and low-voltage coils, but one duct is used in the high-voltage 
coil To avoid hot spots and to insure uniform lemporature, tho thick- 
ness of the coils from outside to duct, between ducts, or from duct to 
core should generally not exceed 1.0 in. 

Interleaved- type windings arc usually insulated as shown in Figs. 211 
and 229. Pressboard collars arc generally used to insulate tho windings 
from one another. The insulation between core and coils is citlior 
molded insulation or pressboard. Ducts aro provided between winding 
and between individual coils. The duct spacers are built up of press- 
board, or are of treated wood. 

After the coils are wound, they are thoroughly dried and impreg- 
nated by the vacuum process or treated with insulating varnish, tho 
method used depending upon the type and si»o of coil. Small trans- 
formers are generally treated by the vacuum process after tho core and 
coils are assembled. The insulating varnish and impregnating com- 
pound fill all the crevices of tho coils and cement tho turns firmly 
together. The insulation is tliereby greatly strengthened, the heat 
conductivity of the coils increased, and tho winding made moisture 
proof. 


CHAPTER XXIII 


OPERATING CHARACTERISTICS 


Resistance, — The length of the mean'-turn of the windings can 
cmaily bo calculated from a sketch of the coils (see the sample designs 
in Chapter XXIV) . 

The weight of the copper in the low-voltage coil is, 


Gi = LiiiSoi X 0.321 Ib, (220) 

and in the high-voltage coil, 

LHhScHX0,S21lh. (221) 

The copper loss for the two windings, at 75® 0., are calculated by 
forinula I39a (sec page 346), 

The resistance of each winding at 76° 0., 

Wi Wh 

Ri - — obmsj and Zf a - ~ ohms, 
ir 1/1 


The total resistance of the transformer in terms of the high voltage 
winding, 

' ii? 

Tlio per cent resistance drop, 


R, - Ru + = 


• ohms. 


K = ^100. 


Leakage Reactaace, — Tho leakage reactance can be calculated only 
approximately because certain assumptions must be made as to the 
length and area of the flux path. Formulas for calculating the react- 
ance of transformers have boon developed by various authors. ^ The 

* "13io Woclisolsti'ointcoliniok, ” by Dr. Arnold, Vol, 2, pp. 22-29, Julius Springer, 
Uorliii; “Dio Trunsformatoron, ” by Dr. Milan Vidmar, pp, 93-114, Julius Springer, 
llerliu; “Principles of Alternating Ciu'rent Machinery,” by R, R. Laiwencc, pp. 
180-101, MoGraw-IIill Book Co., New York; “The Essentials of Transformer 
Praotioo,” by E. G, Reed, pp. 116-123, D. Van Nostrand Co., New York. 
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and with tho low-voltage coil on the inside and high-voltage winding 
outside is shown in Fig. 236. The total reactance, high voltage plus 
low voltage in terms of high voltage, for one leg of a transformer, with 
windings arranged as shown in Fig. 236, 


' ' hX 108 


^1, + 



Lh + Li 
— ohms. 


Tlie per cent reactance drop, 


inn - + ch \ L, + Li 

Eh AFaX10«\ 3 ^ / 2 


Here th = tho turns per leg of the high-voltage winding. 



Fia. 230. Fia. 237. 


When the windings on tho two logs are connocted in series, the per 
cent reactance calculated by formula 222 must be multiplied by 2.0, 
and when connected in parallel it must be multiplied by 0.60. Formula 
222 shows that the per cent reactance drop varies directly with tho 
number of turns, the thickness of the coils, the spaces between windings, 
the average mean-length of turn, and inversely with tho length of tho 
coils. 

A lower reactance drop can bo obtained, for a given number of turns 
and core length, by arranging the windings as shown in Fig. 237. Tho 
per cent reactance for this arrangement, 


P. 


+ di \ 

hEnXl^^K 6 


(223) 


1 



— V uiop lor wie mterleaved type of windings 

arranged as shown in Tig. 238 is, 


P. 

Tho constant 


H .Q/ th"! jXhi ( Xhdth xidit _ , 

lOu,®A X 108 \ G ^ 7^**" 


fcl = 1 - 


Xhdxh ~l~ xidii -{- 2d 

2irWui ’ 


(224) 

(225) 


whore xi, and xi are the number of high-voltage and low-voltage coils 
per group respectively, t'h is the number of high-voltage turns per group, 
and Xhi is the number of “ high-low ” groups. 



Fio. 238, 


This formula does not take into account the leakage flux that passes 
through the space between the coils of high-voltage and low-voltage 
groups, which is generally small.- 
Tho per cent impedance drop, 

p, = VpJTp^. 

The sustained short-circuit current for normal primary voltage, 





JX 100 
P. 


amperes. 


(226) 


The mechanical forces ^ on the windings, set up eleetromagnetically, 
vary as the square of the current. On short-circuit, these forces may be 
large enough to distort the coils and destroy the insulation. The wind- 
ings of largo capacity transformera must therefore be carefully braced 
to withstand the shocks due to short-circuits. 


s “Beitrag *ur Bei-echuung der Streuspannimg von Transformatorenwicklungen,” 
by R. Kufichler, E. T. Z., Vol. 45, 1024, pp. 273 and 274. 

»'‘Die Wediselstromteohnik," by Dr. Arnold, Vol. II, p. 185, Julius Springer, 
Berlin; "Mechanical Stresses in Ti-ansformers,’’ by J. F. Peters, Electric Joirral, 
Vol. 12, Dec., 1916, p. 565. 



vonicntly calculfited by the forinulas given in the Standards of the 
A.LE.E., which are explained in various textbooks. For iimty-power- 
facior load, « p 3 

Per cent regulation = Pr + approximately. 


For inductive loads of power factor cos Q and reactive factor sin 0^ 

(cos OPa: — sin OPr)^ 


Per cent regulation' — cos 6Pr + sin 9Px + 
approximately. 


200 


mo 

100 

tso 

'o 

^soi 
.3101 
'^Go; 
I sol 

o40 

u 

lU 

po\ 

c 

eo 

10 


■ 

■ 

i 

■ 


■ 

i 

■ 

1 

B 

1 

■ 

H 

i 


I 

B 

B 

■ 

■ 

■ 

H 

■ 

■ 

i^B 

1 

1 

1 

■ 

B 

■ 

■ 

m 

n 

i 

HI 

■ 

■ 

■ 

■ 

■ 

B 




■ 

■ 

B 


■ 

■ 

i 

■ 

B 

B 

B 


■ 

! 

B 

■ 

1 

1 

i 


B 

B 

n 

■ 

m 

B 

B 

■ 

■ 

i 

■ 

B 

B 

B 

m 

■ 

B 

B 

B 



I 


■ 

■ 

B 

B 

■ 

B 

B 

B 

B 

B 

1 

1 

B 

B 

B 

B 

■ 

B 

B 

B 

E 

B 

i 

1 

i 

fl 

B 

B 

B 

B 

B 

B 

B 

B 

1 

1 

I 

B 

B 

B 

B 

B 

B 

B 

1 

i 

■ 

B 

B 

B 

B 

B 

B 

B 


40 50 60 70 80 90 

Flux Density Kilo-iines per sq.in. 

Fifl, 239. — ^Ampcrc-turas per joint. 


Exciting Current. — ^Tho current that a transformer draws from the 
line at nodoaci may be thought of as consisting of two components: 
(1) the magnetizing current, Im, which is 90° out of phase with the 
impressed voltage, and (2) the coredoss current, 7^, which is in phase 
with the impressed voltage. Tlio curve in Fig. 239 shows the ampere- 
turns for eacli joint in the magnetic circuit of a transformer. The 
method of calculating the magnetizing current and the core-loss current 
is explained in the sample problems in Chapter XXIV. The exciting 
current, 

7o ~ amperes. 



jiuiuieuLy* — int) lossGS in a transiormer are no-load losses and load 
losses. The no-load losses include core losses, PR losses in the windings 
duo to the exciting current, and dielectric losses. Of the no-load losses, 
only the core losses are calculated because the remaining losses are 
generally so small that they may be disregarded. The curves in the 
Appendix give tho loss per pound of transfonnor steel for various den- 
sities. In the finished transformer core, these losses are generally 
from 10 to 15 per cent larger, duo to bending and shearing strains, 
impci'fect insulation between sliccts, etc. 

The load losses include F^li losses in tho windings and stray losses 
due to stray fluxes in tho windings, core clamps, etc. The PR losses 
for the windings are calculated by formula 139a. The stray losses arc 
difficult to predetermine accurately. Dr. Arnold'^ slates t(mt they 
are generally equal to from 5 to 25 per cent of the total copper losses. 


The efficiency - 


Kva output X PF 

Kva output X PF + Kw losses’ 


Temperature Rise, — The Standardization Rules of tlio A.LE.E. 
specify that the limiting temperaturo rise of transformer windings 
insulated with cotton, silk, paper, and similar organic materials, when 
impregnated or immersed in oil, shall not exceed 65° G. The tempera- 
turo is to be determined by resistance and chocked by then nomo tor, 
Tho tompei'aturo rise can be pi'ocletormincd approximately by calculat- 
ing the exposed surface of tho core and ducts and of tho coils and ducts. 
Practice has shown that the ducts are only half as effective as tho out- 
side surfaces; therefore only half of tho duct surface is used in calculating 
tho effective radiating surface. For a temperature rise not to exceed 
65° C. the radiating surface in square-inches-per-watt loss should be 
equal to 4,5 to 5.5 for natural-air-coolcd transformers, from 2.0 to 3.0 
for nalural-oil-cooled transformers, and from 1.0 to 1.75 for oil-and- 
water-Goolod transformers. Tho method of calculating the total 
radiating surface is illustrated by tho sample problems in Chapter 
XXIV. 

Design of Tank. — Tho heat generated by tho losses is radiated 
tho exposed surfaces of the transformer to the cooling medium. When 
the transformer i s immersed in oil, the heat is transmi tted by tho oil to tho 
tank walls and thence to the surrouncling air, Figure 240 shows 
the results of a test on a small distribution transformer operating at 
full-load in still air. Tho temperatures for the various parts of the 
tank are the values obtained after the temperature has become constant. 

^ "Dio Wechsolstromtechnik, " Vol. 2, p, 360, Julius Springer, Berlin, 


from 1.15 to 1.50 times the average temperature and depends upon the 
depth of oil above tho transformer and upon the circulation. The 
dimensions of the tank are generally so proportioned that the amount 
of oil required will bo as small as possible. The depth of oil above tho 
transformer should never be less than 2 in. 

The difference between the temperature of tho transformer windings* 
and the average oil temperature is usually from 15° C. to 20° C. This 

difference depends upon the 
insulation on the coils, tlio 
thickness of the coils, etc. 
For a temperature rise of 55° 
C. for the windings, the aver- 
age rise of the oil will then bo 
from 36° C. to 40° C. 

Plain sheet- steel tanks 
such as shown in Fig. 215 are 
generally used for inocleralc- 
voltage distribution trans- 
formers of 25-Kva capacity 
and smaller. For a trans- 


m 
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Couple 

Coil Te/nperdlvfo 
By ^e$isfance*66*C 
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^^T^rmCotjple 

former toinporaturo rise not 
to exceed 65° O., tho square 
inch wotted tank surface (not 
including top or bottom) per 
watt lo.ss should bo from 4 
to 5.6. 

For largo -capacity and 
high - voltage distribution 
transformers and for power 
transformers, tanks with cor- 
rugated sides or with cooling 
tubes arc used. Tho square 
inch wetted tank surface re- 
quired for each watt will depend upon the type of tank used. For 
plain steel tanks with cooling tubes, the wetted square inch tank sur- 
face for each watt loss should be from 5 to 6. For corrugated shoct- 
steel tanks,® &/^Y is generally equal to from 6.0 to 9.0 sq, in. per watt loss 
and depends upon the pitch and depth of the corrugations* 

® “Dissipation of Heat from Self-Cooled Oil-Filled Transformer Tanks, by J, J. 
Frank and H. 0. Stephens, A.I.E.E, Trans., Vol 30, Part I, 1911, pp. 447-45G. 


Fia. 240. — Oil toinperature in various parts of 
transformer tank when operating at full load in 
still air. 




L4jxx^.t ciui vt/D lui auii-'Uii-uuuitJLl LiitillBlUI xiicry 

can bo predetermined with satisfactory accuracy when the specific heat 
of the various materials used in their construction is known. These 
curves are necessary to determine the average teiiiperaturo rise of a 
transformer used for intermittent duty. 
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Fig. 241. 



Generally, only a small clearance is allowed between the transformer 
and the walls of the tank (sec Figs. 217 and 218). The depth of the 
oil is then equal to the wetted area of the walls, divided by the perimeter 
of the tank. Tho approximate length of the corrugated surface per 
inch length of center lino is given in Table XXXII for several types of 
corrugated tank walls. 


TABLE XXXII 


Fiotjiie 241 

Figuhbj 242 



Mean Length of 



Mean TiCngth nf 

a 

h 

Corrugation per 

a 

h 

Corrugation per 



Inch of Center Line 



Inch of Center Lino 

li in. 

4 m. 

6*75 in. 

2.00 in. 

4,0 in. 

4,45 in. 

1 1 in. 

4 in. 

5.00 in. 

2.25 in. 

4.0 in. 

4.06 in. 

' ijin. 

3 m. 

4.60 in. 

2 60 in. 

4 0 in. 

3 66 ill. 

H in. 

3 in. 

3.86 in. 

3 00 in. 

4.0 in. 

3.42 m, 

1} in. 

2 m. 

3 75 in. 

2.00 in. 

3.0 in. 

3 51 in. 

11 in. 

2 in. 

3.17 in 

2.26 in. 

3.0 in. 

3.12 in. 

IJin. 

2 in. 

2.73 in. 





The volume of oil required is equal to tho volume of tho tank, minus 
tho volume of the transformer. 

® “ Essentials of Transformer Practice, ** by Emerson G. Tteed, 2nd ed., p. 
136, D. Van Nostrand Co., New York; and “Cooling of Transformer Windings aftei 
Shnt-Do^vn/* by V. M. Montsinger, General Electric Review, Vol, 22, Dec., 1919, 
pp. 1066 to lOOG. 





CHAPTER XXIV 


SAMPLE TRANSFORMER DESIGNS 


Design No. 1 : Design of a 400-/fya, Single-Phase, Core-Type Power 
Transformer . — The complete rating of the transformer is as follows: 
400 Kva, single phase, CO cj'cles, 42,000 volts pi’imary to 2400 volts 
secondary. The transformer is to be of the self-oil-cooleci typo and 
must carry its rated load continuously witli a teinporaturc rise not to 
e.xceetl 55“ C. The full-load 100 per cent power factor officionoy must 
not bo loss than 08.0 per cent and tlic ratio of losses should bo approxi- 
mately 1.0. 

For a ratio of losses equal to 1.0, tho flux density in the core can be 
eho.scn equal to 90,000 lines per sq. in. From tho iron loss curves in 
i 'I . tlje Appendix for 0.0l4-in., 4.0 per cent silicon stool, tho loss per pound 
for this density, We = 0.0^ X 1.12 X 60 = 1.94 watts, if the addi- 
tional losses arc taken equal to 12.0 jjor cent of the fundamental fro- 
(luoncy loss (.see page 3C9). 

For an average current density, A = 1500 amperes per sq. in., the 
copper lo.ss per pound (formula 139o), 

wt = 2.68A2 X lO-o = 2.68 X ISOO^ X 10"“ = 6,8 watts. 


The ratio of core weight to copper weight, 


ft ^ ^ 

Gt - w, ^ Wt 


6.8 

1.94 


X 1 = 2.99. 


The output constant is taken equal to 0.46 (see page 348) and the 
net section area of tho core, 




A. = C 


/Kva^ 1011 


BAf 
= 54 6 sq. in. 


= o.asa], 


400 X 2.99 X lO'i 
90,000 X 1600 X 60 
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me orucitorm-snaped core section shown in Fig, 222 will bo used for 
this transformer. The diameter of the core, 


D 


. IAo X 4 


5 -f 6X4 


= 9.96; use 10.0 in* 


The calculations for the core space factor, f^f arc given on page 360. 
The dimensions of the core section (sco Fig. 243) arc: 


2a = 0.626.0 = 0.526 X 10.0 = 5.26; use 6.25 in. 
26 = 0.85D « 0.85 X 10 == 8.5 m./ 


The total flux for a density of 90,000 linos per sq. in., 

0 = AcB == 54.5 X 90,000 = 4900 kilo-lines.* 

The number of turns for high-voltage and low-voltiigo winding.s, 
= ^ == 42,000 X 10^ 

* 4.44/fll, -4.44 X 00 X 4900 X 10® 

= 3220. 


The full-load current in the two windings, 

^ Kva X 10® 400 X 10® , ^ ,,,, 

lb = = • ... =9.52 amperes 


Eu 


42,000 


/(= jih = -~9,52 = 166^5 amperes. 
lo4 

For tlie average current density assumed above, the section area of 
the conductors for the high-voltage and low-voltngo windings, 

Sen = ^ == = 0.00836 sq. in. 

A 1500 

The area of the window opening, 

„ 2.9.„fA __ 2 X 0.00635 X 3220 

Kw,,~ Q jgg 

= 389 . 0 sq. in. 

The copper space factor, is taken from the curves of Fig, 224. 



For a ratio of window neignt lu wuiuv^>y _ 

dimensions of the window are: 

= Vs X 3S9 == 34.2 in.; use S6 0 in* 

31.2 

^ — — == 11.4 in.; use 11 0 in. 

o 


It is desirable at this point to calculate tho approximate core and 
copper weight, to dctei'mino whether the core dinusnsions selected above 
give approximately the ratio of core weight to copper weight desired. 

The flux density in tho yoke will be made equal to tho flux donsitj’- 
in the core legs. The height of the yoke section 


54.5 

0.90 X 8.5 


7, 125 in. 


The length of tho yoke, '7 

f„ - w„, + (2 X 25) = 11.0 + (2 X 8.6) « 28,0 in. 

The total weight of tho core, 

(?c = [2lyA, + (25„Ao)1 0.272 

= [2 X 28.0 X 54.5 + (2 X 36 X 54.6)] 0,272 « 38701b. 

The clearance, 0, between tho two coils in tho window opening should 
be approximately 1.25 in. Tho length of tho average moaii-tuvn for the 
windings, 

La, - yD + ~Y-)^ = [^10.0-1- jr = 40. 7 in. 

The approximate total copper weight, 

Gk = 2kSchLa, X 0.321 

= 2 X 3220 X 0.00635 X 46.70 X 0,321 = 613,0 lb. 

The ratio of core weight to copper weight, 

_ 1870.0 
Gk 613.0 “■ ^ 

The dimensions of the window are, then, 

■h,„ = 35.0 in., w^, = 11.0 in. 



DESIGN OF WINDINGS 


Low-Voltage Winding. — Tlic section area of the low-voltago con- 
ductor, Set = 0.111 sq. in.’ Two conductors, each 0.204 X 0.258-in. 
bare, 0.227 X 0.2§0.-in. insulated, 0 0507 sq, in. area, are wound in 
parallel. 

A helical-wound coil with transposed conductors as shown in Fig. 
230 is used for the low-voltage winding. 

The number of turns per core leg 



The conductor is wound flat, with the two parallel wires on lop of each 
other. The space occupied by the winding in the direction of the 
window height 

= 0.28 X 02 - 25 Sin, 

For a window 36 in. high, there will be a cloaranco of 4.6 in, at each end 
of the winding, which is required for insulation and supporting collars. 

The insulation between the low-voltage winding and core consists 
of ^-in, fuller-board channels placed over tho corners of the core, 
i^-in. pressed paper c^dinder, and a ^-in. duct as shown in Fig. 243. 

High-Voltage Winding. — Disc typo coils will bo used for tho liigh- 
vollago winding, Tho following conductor is selected from the copper 
table: 

Bare 0 . 025 X 0 . 258 in. 

Insulated 0.018 X 0.270 in. 

Area 0.00632 sq.m. 


Tho number of l.urns per core 


3220 

2 


1610. 


Extra insulation is required on tho end-turns of high-vollago trans-* 
formers (see page 300), Therefore the number of turns in the coils 
should be so proportioned Hint the end coils will have a smaller number 
of turns, to provide space for the extra insulation* Approximately 
^1 , 6 per cent of the high-voltage turns on each end of tho winding should 
have extra insulation. Coils with two turns per layer, half of the turns 
wound backward to avoid cross-over, will bo used. Fuller-board 0.020 


^ Wftv/ *jv/v>triwno V-ri LiULlb. ±11(3 HUinOOl* Ot 

coils and number of turns per layer are as follows: 


1 

Number of Coils 
per Core Leg , 

Turns per Section 

i 

1 

Turns per Coil 

Total Turns 

24 1 

30 1 

60 

1440 

1 

28 

m 

56 

1 

25 

60 

60 

1 

20 

40 

40 

1 

10 and Id 

24 

24 

Turns per core leg. 



1010 


The coils arc insulated from each other by oil duels; between 
the end coils wider ducts are used, as shown in Fig. 2d 3. 

The width of each coil in the direction of the window height 

= 2 X 0.27 + 0.020 -= 0.660 in. 

The four end coils have extra insulation and therefore require' more 
space. If 10 per cent is allowed for the space required for the extra 
insulation, the width of each of the four end coils 

^ 0.560 X 1.10 =^0.616 ill. 

The total space occupied by the coils in the direction of tho window 
height 

= 24 X 0.660 + 4 X 0.616 16.91 in. 

The total duct space between tho coils (see Fig. 243) 

= 24X^ + 2X| + ^~ 8.81 in. 

The high-voltage winding therefore occupies 24.72 in. in tho direction ^t| 

of the window height. With a window opening 36 in. high, there is a 
space of 5.23 in. at each end of the winding, which is required for insula- 
tion and supporting collars. 

The insulation between the high-voltage and low-voltago winding 
consists of a +in. duct, plus a pressed paper insulating cylinder 
thick, plus 5 -in. duct, Tho total thickness of the windings 

= 0.^-1- 0.60 + 2 X 0.227 + 0,50 + 0.3125 -|- 0.60 -|- 

30(0.043 + 0,016) = 4.76 m. 





Tho clearance between the coils in the window opening 
= 11.0 - 2 X 4.76 = 1,48 in, 

Tho total flux, 


^ Eh X 10« 
4 44/iA 


42,000 X 10^ 
4,44 X CO X 3220 


= 4900.0 kilo-lines. 


The flux density in the core, 

t 

B = ^ - = 90,000 lines per sq. in. 

54 5 


The dimensions of the core have not been changed; therefore tho 
total core weight is tho same as given. 

The current density in the low-voltage winding, 

, 166 5 

== ^ ^ ^ = 1640 amperes per sq. in. 

and in the high-voltage winding, 

. 9-52 

== ^ QQg 32 = 1503 amperes per sq. in. 

The length of tho jnoan-turn for the low- voltage winding, 

Li ^ 7r[10.0 + (0.50 X 2) + (2 X 0.227)] -= 30.0 in, 

and for the high-voltage winding, 

Lh = 7r[10.0 + (2 X 0.50) + 2(2 X 0.227) + (2 X 1.3126) 

+ 30(0.043 + 0.015)] 

== Sl.l in, 


The copper weight for each of tho windings, 

Gi = tiSciLi X 0.321 

- 184 X 2 X 0.0507 X 36.0 X 0.321 = 216.0 lb. 
Gh — thSchLh X 0.321 

- 3220 X 0.00632 X 61,1 X 0.321 ^ 334.0 1b. 
The total copper weight, 

Gt - 210 +334 = 550.01b. 







The ratio ot core weight to copper weight, 


— 

Ot 


1870 

550 


3.-10. 


Tliis value of the ratio of weiglits is higher than the one calculated above 
because of the high current density chosen for the low-voltage winding. 
The output constant, 


C = 


A, 


5-1.5 


4 


Kva a/6't X 10^^ 

BAf 


4i 


-100 X 3.40 X 10“^ 


= 0.43. 


90,000 X 1572 X 00 


The copper space factor’, 

_ + -Mil _ 0.00632 X 3220 + 0 1014 X 184 

~ Kw^ ~ 35 0 X 11 0 

= 0.1016. 


From the loss curve for 0.014 in., 4.0 per cent silicon steel, the loss 
per pound for a density of 90 kilo-lines per sq. in,, 
w, = 0.029 X 1.12 X 00 = 1.94 watts. 

The total core loss, 

TF„ = iVoO. = 1.94 X 1870 = 3030 watts. 

The Pli loss in each of the windings at 75° C., 

IFi = 2.58Aj2ff, X JO-0 

= 2,68 X 10402 X 210 X iO"” == 1490 watts 
Wh = 2,58A,2(7ft X 10-0 

= 2.68 X 15032 X 834 X iO-® = 19-10 watts. 


The ratio of lo.sses, 
Tl^ 3030 
Wt 


^ = 1.06. 


3430 

The resistance of the low-voltage and high-voltage windings at 76° C , 
IF, _ 1490 
/,2 ~ 160.52 

7a2 9.522 

Tiro total rcsistanco in terms of tho high-voltage winding, 


m - 
7i!;, = 


= 0.0637 ohm 
21.4 ohms. 


Rt 


1400 -t- 1940 


= 37.90 ohms. 


9.622 


The per cent resistance drop, 


Pr = 


IhR, 

JSk 


100 = 


9.52 X 37.90 
42,000 


100 = 0.858 per cent. 


Formula 222 gives the per cent reactance drop for ono core leg of a 
core type transformer with concentric typo winding. For our problem, 
the windings on the two core legs are eonnoeted in series; therefore, 
formula 222 must be multiplied by 2. 


P^ = 2 


21.5X2/* ^ L,. + U - 


h^Eu X 10* 


+ d 


21.5 X 60 X 16102 X 9.52 /l.74 + 0 .454 

24.72 X42,000 X 10* \ 3 

51.1 + 36 0 , ,, 

= 5.45 per cent. 


+ 1.313 




The per cent iinpoclanco drojD, 

P, = VpT+IV = V 5.452 + 0.8682 « 5.52 per cent. 


The sustained short-circuit current for normal primary voltage. 


I, 


I X 100 
1 \ 


9 52 X 100 
6.52 


= 172.5 amperes. 


To calculate the mechanical stresses on the windings duo to tho short- 
circuit current, see references on page 367. 

The per cent regulation for 100 per cent power factor load 
P* 5.452 

“ X + ;:£: == 0.868 + — ~ « 1.007 per cent 
200 200 ‘ 


and for 80 per cent power factor load, per cent regulation 


= cos OPr + sin (?P, + 


(cos QPx — sin gPr) 2 
200 


= 0.80 X 0.858 + 0.60 X 5.45 


(0.80 X 5.45 - 0.60 X 0.858)2 
^ 200 
= 4.03 per cent. 

Tho mean length of the hiix path is sliown by the dotted lino in 
Fig. 243 and is 

= (35. 0 + 7. 125)2 + (11. 0 + 8. 5)2 = 123.25 in. 

Fi'om the standard magnetization curve for 4.0 per cent silicon steel. 





tho ainporc-turns por inch for a density of 90 Idlodiiies, at ^ 29.5, 
The total ampcrc-turns necessary to maintain the flux in the iron part 
of the magnetic circuit 

at X 123.25 = 29.5 X 123.25 3C40. 

Tho ampere-turns for each joint for a density of 90.0 kilo-lines = 113 0 
(see Fig, 239). With 4 joints in tho magnetic circuit, tho ampere-turns 

= 4 X 113.0 452. 


The magnetizing current, 

, AT ^1002 

im = —7=7— — —~-z = 0.90 amperes. 

V 2 in V 2 X 3220 

The in-pluiso component of tho no-load ciUTcnt, 

The exciting ourront, 

lo « + /./ = V'o,902 -[- 0.08052 = 0.90-1 amperes. 

Tlie stray load-lossos will bo estimated equal to 10 por cent of the 
total Pli losses (see page 309). Tho cfricicncics and losses for various 
loads at lOO por cent and 80 per cent lagging power factor arc as follows: 




PR H- filmy loHcl-liissos 

236.5 

Ooro losses 

3,030,0 

3,860.5 

100,000.0 

103,806.6 

90.30, 

Total loflsos 

Output 

Inf)ut 

ICflieioncy 100% PF 

ICflicicnoy S0% PJ'’ 

96.40 

i 

1 



T 

1 

1 

1 

A 

i 

040 

2,13d 

3,773 

5,918 

3,030 

3,0^30 

3,030 

3,030 

4,670 

6,764 

7,403 

9,648 

200,000 

300,000 

400,000 

500,000 

204,670 

306,764 

407,403 

600,648 

97.70 

08.20 

08.20 

08,20 

97.20 

07.70 

97.70 

07,70 


Tho total radiating surface of the transformer winding and core is 
caloulatocl as follows: 

Coro legs: (4 X 5,25 4 X 3,25)2 X 36 - 2,380 sq. in. 

Yokes: (4 X 7.125 X + 8.5 X 28.0 X 2 + 7.125 X 8.5 X 4) 

' = 1,616 sq, in. 

Low-voltage winding: (2 X 36.0 X 25,8 X 2) ^ 3,720 sq. in. 



High- voltage winding: 2(0. 5G + 1,74)51.1 X 28 X 2 = 13,200 sq. in. 

Total radiating surface = 20,816 sq. in. 

and the surface per wait loss^ 


S 20,816 
W'~' 7403 


2,81. 


For a con^gated sheot-stccl lank, the surface per watt loss should bo 
approximately 7.5 (sec page 370), The total wetted tank surface, 

^ (W, + TT^TF -- 7403 X 7.5 - 55,500 sq. in. 

Figure 243 shows the shape of the tank section and the position of 
the transformer in the tank. The length of the surface of the corruga- 
tions for each inch of length of the center line equals 5.75 in. The clear- 
ance between the outside of the coils and the inside of the tank is 7.0 in. 
and the length of the center line of the corrugated tank wall 

== 2(11.0 + 8,5) + T X 36. 0 162.0 m. 


Tho depth of the hot oil 


55,500 

152.0 X 6 75 


- 63.5 in. 


The volume of oil required is equal to tho volume of tho tank minus 
the volume of the transformer. Tho volumo of tho transformer can 
be calculated approximately from the weight of tho active materials. 
The insulatiou, core clamps, coil supports, etc., occupy only a small per 
cent of the space required for the active material. Tlio volume of tlic 
tank 




X 36^0^ + 36 X 19.5 )63.5 109,000 cu. in. 


The approximate volume of the transformer 


1870 560 

0.272*^0,321 


- 8595 cu. in. 


Tlio voliuno of oil required is therefore equal to 100,405 cu, in. 
Tho number of cubic inches in a gallon is 231; therefore 436 gallons of 
oil are required, or 1,09 gallons per Kva. One gallon of transformer 
oil weighs approximatoh'^ 7.0 lb.; tho total weight of the oil is then, 

7.0 X 435 - 3060.01b. 

In the assembly drawing of the transformer, Fig. 243, tho core 
clamps, coil supports, etc., have been omitted. 






Design No. 2: Design of a lOQO -Kva, Three-Phase, Core-Type 
Power Transformer . — The complete rating of the transformer is as fol- 
lows: 1000 Kva, three-phase, 60 cycles, 7900 volts primary to 57!) 
volts secondary, with dclta-connoctcd primary and secondary windings, 
The transformer is to be of the self-oil-eoolod typo and must carry its 
rated load continuously with a temperature rise not to exceed 50“ C. 
The full-load, 100 per cent power factor efficiency must not be loss than 
98.2 per cent and the ratio of the core loss to copper loss should bo 
approximately 0.90. 

For a ratio of losses equal to 1.0, the flux density in the core can be 
taken equal to 90,000 lines per sq. in. For this density the core loss 
per pound for 2.5 per cent .silicon steel, 0.014 in. thick, 

10 ^ = 0.032 X 1. 12 X 60 = 2 15 watts, 

V 

if the additional losses are taken equal to 12.0 per cent of the funda- 
mental frequency los.s (see page 369). 

For an average current density, A == 1650 amperes per sq, in, the 
copper loss per pound, 

lot = 2.58A2 X l0-“ = 2 58 X 1550^ X 10-“ « 6.18 watts. 


The ratio of core weight to copper weight, 


Oo ^ m £o 
Gt Wc TFi 


6.18 

2.15 


0.90 == 2 58. 


With an output constant equal to 0.36 (sod page 348) the not core 
section area, 


A, 


'4 


Kva Gr/Gk X 10" 


PAf 


0.30 


4 


1000 X 2. ,58 X 10“ 
90,000 X 1560 X 60 


= 03.2 sq. in. 


The cruciform core section shown in Fig. 222 is chosen, 
diameter of the com (.see p.ago 350), 


D 


-iW-i 


63.2 X 4 


3.14 X 0.70 


10.70 in. 


The 


Make this 10.76 in. and the dimensions of the core section (see Fig. 2'l-l) 
are: 

2a = 0.626 X D = 0.626 X 10.76 = 5,65; use 6f in. 

26 = 0.85D = 0.85 X 10.76 = 9.13; use 9^ in. 



with thoso dimensions, the not section of the core, 

A, = [5“’ X fii + 5g-(9j - fii)] 0.90 == 03 9 scj. in. 
With ii density of 90,000 linos per s(|. in., tlio total flux, 
0, = AJ3 = 03 9 X 90,000 = 5750 kilo-linos. 


The nuinber of turns per phase for the high-voltage and low-voltage 
windings, 

, iliXlOf 7900 X 10» 

. T = 520; use 512. 


Hi 

(> = -TT 

I'jh 


4.1-1 X (50 X 5750 X lO^’ 
79(50 


575 

' —520 = 37.0; use 37 0. 


Using 37.0 turns per phase on the low-voltage winding, the number of 
high voltage turns per phase will bo equal to 512. 

Tlie voltage per turn 


7960 

512 


= '15,6 volts. 


The full-load current per pliaso for tlio high-voltage winding, 

, Kva X 1()'> 1000 X 10» , . „ 

In = — -o ' — = 41.8 amperes 


3/4’,. 


3 X 7960 




and for the low-voltago winding, 

, Kva X J0» 1000 X 10^ ,, 

h = TTl = n w = 580 0 ninporos. 


3/Jj 


3 X 576 


T?or tho avorago current clonsiiy assumed above, the sooiion area of 
the conductor for tho high-voUago winding, 


The area of tho window opening, . 

, 4sca<;, <1 X 0.027 X 512 

Kwv, - 


= 308.0 sq. in. 


/. 0,18 
Tho copper space factor, is taken from tho curves (Fig. 224). 


I 


I'. 
.1 1 

• f I 
ii 
I • 


I 


.! , 

■ \ 
' I 


' ; 


f I 


! ; 
, i 



f ' 


! [ 


! ; 
! , 


vu «4.xiv,tvjyv ucji^Jib vA{ixai to tiiree tidies the width is chosen, the 
dimensions of the window are, 

h„ - Vs X 308.0 == 30 4 in.; use 30.6 in, 

308.0 

= • „ ~ r. T' = 10.10 in.; use lOf in. 

30 5 


With the flu.v density in the yoke equal to tho flux density in the 
core logs, the lieight of the yoke 


63.9 

9.125 X 0.90 


7.76 in. 


Tho length of the yoke, 

h = 2«),„ + 3 X 26 == 2 X 10.125 + 3 X 9.125 
= 47.625 in. 


The total core weight, 

Gc = (2lyA, + 3/i„yl.)0.272 

= (2 X 47.625 X 63.9 + 3 X 30.5 X 63.9)0.272 = 32501b. 


With a clearance, between adjacent coils in the window opening 
equal to 1.0 in., the length of the avergo mean-turn for tho windings, 


i-r. . , 10.125 - 1.0\ 


48,0 in. 


The approximate total copper weight, 

Gfc = 2 X ^ih^ckljav X 0 , 321 

^ -= 2 X 3 X 512 X 0.027 X48,0 X 0,321 « 1280 1b. 


The ratio of active material woiglit is then, 


a 

ffifc 


3250 

1280 


2.54. 


I 

I 

i 

j 

i 

! 

I 


Tills is approximately the same as the value previously determined. 
DESIGN OF WINDINGS 

LoW“-VoItage Winding. — ^The low-voltage winding is placed close to 
the core and, consequently, has a shorter moan-turn than tl\o higli- 





voltage coil A higher ciiiTfint density can therefore fac used without 
excessive copper loss. With a current density equal to 1700 amperes 
per sq. in., the conductor section. 


580.0 

1700 


0.341 sq. in. 


Five parallel conductors are used, each 0.182 X 0.365 in. bare, 
0.200 X 0.380 in, insulated, and of 0.0645 sq. in. area. With this, 
conductor, the ciiiTcnt density in the low- voltage winding, 


Ai 


580 Q 

6 X 0.0G45 


1800 amperes per sq, in. 


A helical- wound coil with transposed conductors such as shown in 
Fig. 230 is used. Tlie five parallel conductors are wound on top of 
one anotlior witli a 0.25-in. duct botwcon turnH, The lieight of tiio 
low-voltagc coil 

- 37 X 0.380 + 30 X 0 25 - 23 30 in. 


and llio OhicknesH of the coil, 

d,- 5 X 0.200 =-1.03 in. 

The insulation l)0twcon the low-voltago winding and core consists of 
a pressed paper cylinder in, thick and a t-in. duct, as shown in Fig. 244. 

High-Voltage Winding. — The higli-voltago winding is wound over 
the low voltago coil and thoroforo has a largo moan-turn, To avoid 
excessive copper loss, the current density should be loss than for llio 
low-voltagc coil Witli 1200 amperes per sep in,, the *soction area of 
tlio conductor, > 


A concliictor 0,129 X 0.258 in, bare, 0.149 X 0.276 in. insulated, 
0.0325 sq. in, area is solooted and, 


41,8 

0.0325 


1280 amperes per sq. in. 


Disc typo coils with two turns per layer arc chosen for the high- 
voltage winding. Onc-half of the turns of each coil arc wound back- 
ward to avoid oross-overe. The two sections of each coil aro insulated 



from each other by fuller-board 0.013 in. thick. The number of coils 
per core log and number of turns per coil arc as follows: 


Numl)or of Coils 
I)or Coro Leg 

Ttirne per Section 

Turns per Coil 

Total Turns 

27 

9 

18 

486 

1 

8 

16 

16 

1 

6 

10 

10 

Turns per eore leg. , 

1 



612 





The coils are insulated from each other by |-iu. ducts. Between 
tho end coils, a wider duct i.s used ns shown in Fig. 244. The width of 
the high-voltage coils 

= 2 X 0 276 + 0.013 = 0.505 in. 

If 10 per cenl. is allowed for tho space required by the extra insulation 
on tho end coils, then tlie width of the two end coils 

= 0.565 X 1 10 = 0.620 in. 

Tho total space required for tho higli- voltage coils in the direction 
of tho window iioight 

= 27 X 0.565 -1- 2 X 0.02 = 16.49 in. 

There are twenty-seven f-in. ducts and one i^-in. duel between tho coils. 
The total height of the winding is then 

= 10.49 -1-7.31 = 23 80 in. 

A clearance of 2.5 in. at each end of the winding for insulating and 
supporting collara is satisfactory for a 7960-volt transformer winding. 
The window height is therefore reduced to 29.0 in. and tho total clear- 
ance at both ends of the winding 

= 29,0 - 23.80 == 6.20 in. 

With the insulation between turns 0.013 in, thick, tho thickness of tho 
high-voltage coils • 

0.149 X 9 -1- 8 X 0.013 = 1.46 in. 

The insulation between high-voltage and low-voltage windings con- 
sists of a l-in. duct, plus i^-in. pressed paper insulating cylinder, 





plus a auct, me total depth ol’ the windings per core log is then 
- 0.813 + 0,375 + 1.03 + 1.0G3 + 1.45 = 4,731 in. 

Witli a window width equal to 10.125 in., the clearance between adjacent 
coils in the window opening 

= 10,125 2X4.731 = 0.6G3 in. 

This clearance sliould preferably be about 1.0 in. for a transformer of 
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clearance between coils equals 1.038 in. 

The dimensions of the window are then, 

hw = 29.0 in., Wu, = 10.6 in. 

The total flux, 


ii = 


Eh X 108 


7960 X 108 


i.Uftk 4.44 X 60 X 512 
The flux density in the core, 

5830 X 10* 


= 5830 kilo-linos. 


B = 


63.9 


= 91.3 kilo-lines. 


Since the dimensions of the window have been changed from the 
values first determined, it will be necessary to recalculate the weight 
of the eoro. The length of the yoke, 

= 2 X 10.5 -t- 3 X 9.125 = 48.375 in. 
and 

Gc = (2 X 48.375 X 63.9 -1- 3 X 29.0 X 63.9)0.272 = 31901b. 

The length of the mean-turn for the low-voltage winding, 

L, = 7r[10.75 -h (2 X 0.375) + 1.03] = 39.40 in. 
and for tho high-voltage winding, 

Lh = 7r[10.76 H- (2 X 0.375) -|- (2 X 1.03) -f (2 X liV) + 1.46] 
= 53.9 in. 


The weight of tho copper in each winding, 

Gi = SliSciLi X 0.321 

= 3 X 37 X 0.3225 X 39 40 X 0.321 ='462.0 lb. 

Gh = ShSonln X 0.321 

= 3 X 512 X 0.0325 X 53.9 X 0.321 = 863.0 lb. 

The totixi copper weight, 

Gt. = 452 -f- 863 = 1316 lb. 

The filial value for the ratio of the weights of the active material is 
t h-Grof 0 1’G i 



vviiitiii la augntiy lower tlian tlic vaJuo previously determined, because 
of the changes inndo in the core dimensions. 

The design constant for this transformer is then, 

^ A, 63 9 

fevag,7fft~>00^ horn X 2.43 X 10'^ 

'V BAf ^91,300 X 1640 X 60 

= 0,370 

Tho copper space factor, 

2(saiEA + sj,) 2(0.0325 X 612 + 0.3226 XJ?) 
li„to„ ~ 29.0X10.6 

= 0.188. 

From tho loss ourvo for 0.014 in. — 2.5 per cent silicon sheet steel, 
tho lo.ss per pound for a flux density of 91.3 kilo-linos per sq. in., 

Wo = 0.033 X 1.12 X CO - 2.22 watts. 


Tho total core loss, 

Fo = WoGc = 2.22 X 3190 = 7060 watts. 

Tho Pit loss in each winding at 76° C., 

Fj = 2.58A,2(?, X 10-0 

= 2.58 X 1800* X 462 X 10-“ = 3700 watts. 

Fft = 2.68d.A*(?,. X J0-“ 

= 2.68 X 1280* X 863 X 10"“ = 3630 watts. 

Tho total copper loss, Ft => 3760 -|- 3630 == 7390. 
Tlio ratio of losses, 


Fc 

Ft 


7,060 

7300 


0.966. 


Tho rosistanoo per phase of tho windings at 76° C., 




The total resistance in terms ot tlio nigii voiingii wimuug, 


Rt = 


3760 + 3630 
3 X 41.82 


= 1.405 ohms per phfiHO. 


The per cent resistance drop, 


Pr = 


IhRt 


100 = 


41 8 X 1 405 


100 = (),7;i8 per cent. 


Ek 7960 

Formula 222 must be used to calculate the pi^r cent reactance, 
gives the reactance drop per phase for three-phiiso transformoi's, 

Lh + hi 


It 


21 , bfl)?Ih ( (Ik + <h , 

+ 7 


21.5 X 60 X 5122 X 


23.80 X 7960 X lO" 
63.9 + 39.4 


41.8 /1.45 + 1.03 , \ 

O" ( 3 H-l'OOdj 


= 6.60 per cent. 

The per cent regulation for 100 per cent pov/or factor 

p 2 6 6^ 

and for 80 per cent power factor load 

(cos OPx — sin OPr)^ 


~ cos dPr + sin OPx + 


200 


(0.80 X 0 . 0 - OJK) X 0.738)^* 
200 


= 0.80 X 0.738 + 0.60 X 6.6 + 

= 4.69 per cent 

fnv to calculate tlio inagnotizing ourrmit 

for a thre^phase transformer. The moan length of tlio magnofio 

clnto Sh T «/h from Urn 

centei of the top yoke through the center core log to tho oonter of l-lm 

bottom yoke and the length aedb and ac'd'b through tho yolcos nud tho 
outside core legs. The mean length of the path, ab 

= 29.0 + 7.75 = 36.75 in., 

and of the paths acd6 and ac'd'b 

= 2(10.6 + 9.125) +7.76 + 29 = 76.0 in. 





The magnetizing current for the path abj 

^ 36.75 X 17 + (119 X 2) 

— 7 = =1,19 amperes 

V2 X 512 

and for paiiis acdb and ac/d^h^ 

^ 76,0 X 17 + (119 X 2) „ 

V 2 X 512 
The core loss current, 

Wo ^ 7000 

'' EkS ” 7960 X 3 


= 0 . 295 jiinporc. 


The no-load curront for each of the paths 

=Vl.i9=^ + 0.202 = 1.22 amperes 
= V2.10’^ + 0.29=* = 2.12 amperes 


and the no-lond current for the transformer, 


lo 


2 X 2.12 + 1.22 

3 


= 1 82 amperes 


1.82 

' 11.8 


100 


'1,35 per cent. 


■) 


The stray load-losses are estimated at 10 per cent of the total I^R 
losses (see page 3691. Tlio ofRciency and losses for various loads nt 
100 j)or cent power factor are ns follows: * *' 



•1 


.1 

1 

i 

n 

"j 

PR H- stray loaddossps 

608 

2,036 

4,670 

8,129; 

12,700 

Coro losses 

7,000 

7,060 

7,060 

7,000 

7,000 

Total losses 

7,668 

0,006 

11,030 

16,189 

10,820 

Output 

260,000 

600,000 

7.')0,0U0 

1,000,000 

1,260,000 

In pul 

267,608 

609,006 


1,016,189 

1,200,820 

JOnictonoy 

07.0 

98.2 

08,4 

98.60 

08.60 


The total radiating surface of the core and windings is calculated 
as follows: 

Coro logs: (4 X 6.626 + 4 X 3.5)3 X 29 = 3,180 sq. in. 



\ 



+ (4 X 7.75 X 0.125) = 2,600 s(|. i„, 

Low-voltago coils: (2 X 39.4 X 23.3 X 3) 

+ (39.4 X 1.03 X 0)== 5,754 sq. in. 

High-voltage coils 2(0.505 + 1.45) 53.9 X 29 X 3 == 18,900 sq, in. 
The total radiating surface = 30,500 a(|. iti,, 

and tho surface per watt, 


A 30,500 
W " 15,189 


2 . 01 . 


With a corrugated shcot-stccl tank, tho surface per watt los,? should 
be from 6.0 to 9.0 (see page 370), If 7.5 is used, tho total tank .surfact*, 

S, = (IFo + Tr*)7.6 = 15,189 X 7.5 = 114,000 sq. in. 

The sliape of the tank section and tlio position of tiro transforinoi' 
in tho tank are shown in Pig. 244. A corrugated tank wall witli a ijilch 
of 1.75 in,, depth of 4.0 in., and a mean length of 5,0 in. is seleoied, 
Ilbth a clearance of 5.5 in. between the outside of tho coils and the inside 
of tho tank, tho perimeter of tho tank on the center lino of tho corrugated 
tank wall 

= 4(10.50 + 9.126) + 7rX 33.59 = 184.0 in. 


The depth of the hot oil 

^ 114,000 

- 184 0 X 6.0 


m.Oin. 


The volume of the tank 




2(10.5 + 9.125)33.69 +-33.593 


'Jl24.( 


= 274,000 cu, in. 

Tho volume of the active materials 


3190 . 
0 . 272 "^ 


1315 

0.321 


15,820 cu. in. 


The volume of oil required = 274,000 — 16,820 = 258,180 cu, in. 
This value is slightly high because tho volume of tho insulating material, 
core clamps, coil supports, leads, etc., has not boon included in calcidiil- 
ing the volume of the transformer. 



TRANSFORMER DESIGN SHEET 


Kvn 1000 Pha^e, 3 Cycles, 00 

Line Amperes {{", ^^72 0 

Type, Circuliir Core 


Volts 


HV, 7,000 
LVt 675 


PbasG Volta { 


PliRBC Amporcfl I ' * 5S0 0 

Typo of Cooling, Self ()il 


7,960 

576 


Core 

Sheet steel 
Output constant 
Core leg . , Center 
Area, , , , 03 9 

Diameter 10 75 

Dimensions . 2a“5s;2b‘! 
Density , 0li300 

Weight 1510 

Coro factor 

Yoke; 

Area . . 

Dimensions ► . , 

Density. . , 

Weight , * . . . 

Copper space fnetor, /* 
Window dimensions 
Lamination factor . 


0 014-3.0% Si 
0 370 

Outside 


9i 


0.70 

. 63 0 

7 75X9 125 
. 91,300 

IGSO 
0188 
10,6X29 0 
.... 0.00 


ConB ANl> WlNDlNOB 


Mean length of flux path 
Total ampDro-tiirns 
Magnetizing current, .. 
Core loss current 
Exciting current: 

Amperes 

Per cent 


30 76 & 56 375 
803 0«fe 1190 0 
1.19 & 1.65 
0 295 


1.S2 

4.35 


Per rent, 

Rcaistniice ... 0 738 

Reactance 6 flO 

Impcclanro ... . 0 04 

Power factor .1 80 J 100 

Rcgutatioii . . I 4 09 (0 956 

Losses, 

Total core . . . * , 7000 0 

Stray load 73D 0 

Total copper , 7390 0 

Per cent: 

Load . I 25 1 50 I 75 I 100 

Efficiency I 07 0 I 98 2 I 08 4 | 98 5 

Square inches per watt 2 01 

Ratio of losacH , , 0 00 

Ratio of weights «... 2 43 


Tank 


Type of^ tank, corrugated sheet steel, 1.75 X4,0 
Square inches per watt . . 7 5 

Total wetted surface , , . 114,000 

Depth of oil .... 121,0 

Gallons of oil ... 1120.0 

Weight of Dll . . 7810.0 

Cooling coils* 


Size . . . 

Length 

Surface 

Water, gallons per mumto . . 


Winding a 

High Voi.taoe 

Low VOI.TAGE 

Typo of winding 

Disc coils 

Helical 

Conncctlona . . 

Delta 

Delta 

Conductor: 



Dimensionfl 

0110X0 270 d c.o. 

0.206 XO 380 d.o.o. 

Section 

0 0326 

0.0045 

Number In parallel 

None 


Current Density .... 

1280 

1800 ‘ 

Turns per phase , ... 

612 

37 

Coils: 



Total number 

77 

3 

Per core leg 

29 

1 

Turns , 



Per coil .... 

t 

37 

Per layer 

t. 

37 

Number of layers 

2-acctions 

1 

Coil: 



Connoetlons . . 

Senes 


Dimensions 

0 605X1 45 

1 03X23 3 

Ducts, number and size 

27-t & 

0 25 Between turns 

Insulation: 



Layer 

0.013 


Coro and coils 

‘ t’b,+AP.D -hi D.' 

i P.B -f-i D 

II V and LV 


Voltage per turn . . ... 

16 6 


Maximum voltage between layers. . . . 

270.0 


Length of moan- turn .... 

53 9 

30.4 

Copper: 

Weight 

803 0 

452 

Loss , > 1 . . • 

3030.0 

3760 0 

Resistance, 76® 0. . . 

0 091 

0 00373 

Per cent end turns with extra inewmtlon, , 

6.08 


Remarks: *27 colU. 18 turns 1 27 eoils, 9 turns per section 

1 eoil, 10 turns 1 ooi! 

, 8 turns per sertion 


1 CoiJ. 10 turns 1 coil, 5 turns per section 


Designed by: J, //, Kuhlmann 

Date, 




The nurnher ot gallons ot oil requiroa 


258,180 

231 


1120 . 0 . 


The total weight of the oil 


= 7.0 X 1120.0 = 7840.01b. 


The core clamps, coil, and lend supports are not show'ii in tiui 
assem^ drawing of the transformer, Fig. 2'! 4. 

Design No. 3: Design of iO-K»a, {Single- I'hosc., Four- I*nH Dislrtb- 
uted-Core-Type Distribution Transformer. — Tho eomplote mting is 
as follows: lOKva, single phase, 60 cycles, 2300 volts primary to 1 1.5 
and 230 volts secondary. Tho transformer is to be of the self-oil- 
coolcd type and must carry its I’ated load continuously with a Ltmlpera- 
turn rise not to e.xcced 55° C. Tho eflieiency and I'ogulation at full- 
load and 100 per cent power factor should be aiiiiroxiiuately D7.ri per 
cent and 1.95 per cent raspcctivcly. Tho ratio 'of tho core loss to (,ho 
full-load copper loss should bo appro.ximatcly O.dO. 'The tmnaforuuir 
must also bo suitable for operation at 2*100 and 2200 volts. 

For tho method of punching the laminations and nssemlding tho 
core of this typo of transformer see Fig. 213. The weight of the ceixi is 
proportioned approximately as follows; denter leg 22.0 per cent, 
jmkes 49.0 per cent, and outside logs 30.0 per cent of the total \veiglit. 
The flux densities in tho yokes and outside legs are generally ft 1 .0 and 
67.0 per cent respectively of tho density in the center leg. If the I lux 
density in the center log is assumed equal to 75,000 lines per wp in., 
then tho density in tho yokes and outside logs should bo approximately 
40,500 and 50,200 linos per sq. in. respootivoly, 

From the curve Fig. 219, tho total flux for a 10-Kva transformer, 

<^( = 900 kilo-lines. 


The section area of the center log for tho assumed density of 75 klle- 
lincs per sq. in., 

, _4n 900 X 103 _ „ . 

5“^X103 

The center core section is square and tho dimonsions 

/l2^ 

3.65; use 3.68 in. 


0.90 


The core punchings are L-shaped and are assomblocl as shown 


m 


i'lg. 245. Tho dimensions for the section of the outside logs are fixed 
by tho center leg dimensions (see Fig. 245) and aro 

== 1.84 X 2. 70 in. 


Tho flux density in tho yoke has boon assumed equal to 40,500 lines per 
sq. in. Tlie section area is then 


900,000 
4 X 40,500 


5.55 sq. in. 


Tho height of the yoke section is then 


5.55 

2.76 X 0.90 


= 2.24; use 2.25 in. 


Tho number of turns for the high and low volUngo winding, 

== X = 2100 X 10^ 

* 4.44/./., 4.44 X 60 X 900 X 10=* 


U 


eJ’' ~ 2400 


lOOO = 100. 


Tho flux densities assumed above aro for the highest voltage at whicli 
tho transformer is to operate; therefore 2400 volts is used for the 
calculation of tho nuniber of turns in tlie winding. 

To calculate the maximum current in the windings, tho lowest 
voltage at which tlie transformer is to operate must bo used. The 
full-load current in tho windings, 

, to X 10'* . ,, 

h = = *1.55 amperes 

and 

^ hr 1900 , ^ 

Ii = —Ik <= “ '^^'9 amperes. 

t\ 10(J 


A ciirroni density of iOOO amporos per aq, in, is assmnod, The 
section aim of tlie conductor for high-voltago and low- voltage winding, 


®cA 



4.55 

1000 


= 0 


0(4155 sq, in. 



45.5 

1000 


= 0.0465 sq. in. 


. . w 1 r j 


2tkS,u 2 X 1000 X 0.00‘155 


= 22.8 sq. in, 

Tlie copper space factor, /„ is taken from the curves of Fig. 22^1 . 

The ratio of window height to width may bo taken equal to 3. 
The dimensions of the window, 

hm = Vs X 22.8 = 8.28; use 8.25 in. 

22 8 

w,n = — — = 2.76; uso 2.75 in. 

8.25 


Tlie mean length of the conlcr and outside log can bo taken equal to 
the window height. The respective weights are then, 

Center leg = 8.25 X 12 2 X 0,272 = 27,4 lb. 

j Outside logs = 8.25 X 4.67 X 4 X 0 272 = 4L.0 lb. 

The mean length of Iho yoke is estimated at 10.75 in. (seo Fig. 2*15) 
and the weight, 

Yokes = 10.75 X 5 59 X 4 X 0.272 = 66.4 lb. 


The total core weight, 
Gc = 133 8 lb. 


The mean length of turn for the windings, 

= 4 X 3.68 H- 7r(2.76 - 0.25) = 22.66 in. 

The approximate copper weight, 

Gk = 22 56 X 1000 X 0.00456 X 2 X 0.321 = 65.8 lb. 


The ratio of core weight to copper weight is then, 


a _ 133 8 
(7t ~ 65.8 


2.03. 


The losses should now bo calculated to determine whether the 
selected core dimensions will give approximately 0.40 for the ratio of 



losRos. iiie additional core losses will be assumed equal to 12 per cent ■ 
of the fundamental frequency losses. 



Densi}.y, 
Kilo-lines per 
Square Inch 

Loss per 
Pound, Wfttls 

! 

Weight, 

Poimda 

Total Loss, 
Watts 

CeiUtT logs 

73.8 

1.015 

27 4 

27.8 

Outside I(‘g8 

40.2 

0 618 

41.0 

21 2 

Yoki'S 

40.2 

0.396 

66 4 

26.9 

voiv loss 


1 


71 9 


’’I'lio appi’o.xiinalo total copper loss, 

IK* = 2,ri8A% X LO-fi 

= 2.58 X 10002 X 05.8 X 10-" = 109.0 watts. 


The ratio of loss is then, 

lEi _ 

IK* “169.0 


= 0.443, 


DESIGN OF WINDINGS 

Low-Voltage Winding. — The conductor chosen for tho low-voltage 
winding has tho following dimensions: 0.162 X 0.258 in. bare, 
0 . 18‘1 X 0 , 278 in. insulated, 0.0410 sq. in. area. The secondary 
winding must bo so arranged that 115 and 230 volts can bo obtained 
at rated oapaoity. To accomplish this, tho low-voltage coil is divided 
into two equal sections, which arc connected in parallel for 115 volts 
and in scries for 230 volts. Tho total number of low-voltage turns, 

t, = 100 . 

Tlio low-voltagc coils will, therefore, bo wound with two layers of 25 turns 
each and one of tho coils will bo placed on tho inside of tho high-voltage 
coil and the other on tho ouLsido (see Fig. 245). 

For layer-wound coils, the space of one turn must bo allowed for 
the start of tho winding, Tho total height of the coils is then 

= 0.278 X 26 = 7.22 in. 

With a window lioight equal to 8.26 in., tho space for inisulation at 
each end of tho winding equals 0.516 in., which is larger than nocessary. 


xnu wHiacjw oMii noi on ciiango i until tiio space required by the high- 
voltage winding has boon clotcrminecl. 

The voltage per turn 


100 


2.40 volts 


and the maximum voltage between layers 

= 2 X 25 X 2 4 = 120 volts. 

Paper insulation 0.021 in. thick will bo used between layers of '-the low- 
voltago coils. 

Tlio depth of each low-voltage coil is then 

= 2 X 0. 181 + 0.024 = 0.302 in. 

The insulation between the core and winding consists of a paper 
channel 0.10 in. thick. 

High-Voltage Winding. — A No. 13 sq. d.c.c. copper conductor is 
selected from the copper table. The dimensions of the conductor are: 
0 072 X 0.072 in. bare, 0.083 X 0.083 in. insulated, 0.00465 sq. in. 
area. The high-voltage coil is divided into two sections by a ^-in. 
duct through which the high-voltage leads are brought out. The total 
number of turns, 

h - 1000 . 

Use 12 layers; 11 of 84 turns each, and ono of 76 turns. 

The height of the high-voltage coil is then 

0 083 X 85 7.06 in. 

The maximum voltage between layers 

= 2 40 X 2 X 84 403 . 2 volts. 

Two layers of treated paper insulation, each 0,012 in. thick, are used 
between layers. The depth of the coil plus the duct is then 

= (12 X 0.083) + (11 X 0.024) + 0.26 -= 1.61 in. 

The insulation between the yokes and the ends of the coils consists 
of n mica pad | in. thick plus press-board space blocks in. thick for 
tho low-voltago coils, and plus press-board space blocks 0.22 in. thick 
for tho higli-voltago coils (see Fig. 245). Tho height of the coils plus 
insulation is then: 

Low-voltago, 7 22 + 2(0.126 + 0.126) = 7.72 in. 
High-voltage, 7 . OC + 2(0 , 126 + 0 . 22) = 7 , 76 in. 




Fig. 246, 
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The insulation between the high-voltage and low-voltago windings 
consists of a mica pad 0.15 in. thick. The total depth of the winding 

- 0.10 + 0 392 + 0.15 + 1.51 + 0.15 + 0.392 == 2 094 in. 

AVith a window 2.75 in. wide, the clearance between the outside core 
leg and the winding is 0,056 in., which is too small. The window is 
therefore made 2.875 in. wide and the clearance = 0.181 in. 


OPERATING CHARACTERISTICS 


The operating characteristics will be calculated for the normal 
voltage rating, that is, 2300 volts to 230/115 volts. 

The total flux. 


Ek X 10^ 
4.44A 


2300 X 10« 
4.44 X GO X 1000 


= 863 kilo-lines. 


The dimensions, flux densities, weights, and losses for the various 
parts of the magnetic circuit are ns follows; 



Section 

Area, 

Square 

Inches 

Mux 

Density, 

Kilo-lines 

Weight, 

Pounds 

Loss per 

Pound, 

Waits 

Total, 

Loss, 

Watts 

Center log 

12.2 

70.7 

26 7 

0.926 

23 8' 

Outside leg 

W 

47.2 

38.0 

0.470 

18 1 

Yokes 

5.69 

38.6 

67.0 

0.376 

26,2 

Total core los.s 





07.1 







The additional losses have boon estimated at 12 per cent of the 
fundamental frequency loss. 

The secondary winding is symmetrical about the primary winding. 
The length of the mean-turn of the high-voltago coil is therefore also Iho 
average mean-turn for the low-voltago winding, 

Z/fc - 4 X 3.68 + 7r(2 X 0,10 + 2 X 0.392 + 2 X 0.16 + 1.61) 
= 23.46 in. 

The copper weight for the two windings, 

Gi = 23.46 X 100 X 0.041 X 0.321 = 30.9 lb, 

Gn = 23.46 X 1000 X 0.00466 X 0.321 ^ 36.0 lb. 


The ratio of core weight to copper weight, 

G, 131.3 
Gt 


= 1.99. 


G5.9 

The copper space factor, 

+ sciii 0.00165 X 1000 + 0.041 X 100 „ 

~ Kw^ ~ 7.75 X 2 876 ~ ° 

The full-load current in the windings for the normal voltage rating, 
It = 43.5 nniporos, and Ih = 4.35 ainporcs. 

The currant densities, 

43.6 


A, 

Aft = 


0.041 

4.36 


1060 ampores per aq. in. 
= 935 amperes per sq. in. 


0.004C6 
The PR losses at 75° C., 

>K, = 2,f)8^tr6f(10-« == 2.58 X lOGO^ X 30.9 X 10-« == 89. 2 watts. 
IFft = 2. 58 X 9352 X 35.0 X 10"“ = 78.6 watts. 

The ratio of losses, 

IT. 67.1 

Fft 


0.40. 


167.7 

The resistance of the windings at 76° C., 


/e,= 


ii!;. = 


W, 89.2 


7,2 43.52 

Fft 78.6 


= 0,0472 ohm 


= 4.14 ohms. 


7,8 4.352 

The total resistance in terms of the high-voltage winding, 
89.2-4-78.6 


Rt = 


= 8.86 ohms. 


4.352 

The per coni resistance drop, 

T,.R, 4.36 X 8.86 
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10 Hflh^Ijt / diL -|- di 


hlik X 10« \ 6 

10 « X 60 X 10002 y 


7.06 X 2300 X 10" 
= 2.17 per cent. 


iju 

4.35/1.51 + 
I" \ 0 


+ 0.15 23.46 


Tho por cent impedance drop, 

l\ =V'iV + IV =Vl.682 + 2.i72 = 2,74 per cent. 


The per cent regulation for 100 per cent power { 
p 2 2 172 

= P, + ^ = l.fiH + —. 1.70 per coni, 


and for 80 per cent power factor 

, (qohOPj^ — mn OPrY 
— cos OPr + Sill OPj: H 


200 


= 0.80 X 1,08 + 0,00 X 2.17 + 
= 2 045 per cent. 


(0 80 X 2.17 -o.oox 

200 


The approximate moan length of the flux patli for the various parts 
of the magnetic circuit and the corresponding number of amporc-turns 
arc as follows: 



Fhi\' 

Donsityi 

Kilo-linos 

1 

Menu 

Length, 

Inchos 

1 

Ampore-iurns 
par Taoli 

Ampere- tun IS 

GonLer )(’g 

70,7 

7.76 

6.6 

' 42.0 

Outside bg 

47.2 

7.76 

2.6 

iO.4 

Yokos 

38 0 

11.00 

2.2 

24.2 

Joints 

38.6 



12.0 

Total amporc-tiinis . . 




08.2 


Tile magnetizing current, 

AT 98.2 

m ^ ; .10 v; inn/. 0.0692 ampere, 

V2Xh 1,42X1000 



I lit! core loss cuiTent, 
, 11^ (17 1 

Tlio exciting current, 


7o ~ Im~ + 7,„^ ssV^O 0092^^ + 0.0292^ = 0.075 ampere 
0.075 X 100 

~ "i irr = 1 73 per ctint of the full-load curront. 


The stray loacl-lossc.s arc ostiinatod equal to 10 per cent of the total 
r^li loSiSes (see page 369). The los!3cs and eflicioncie.s for various loads 
!it 100 per cent power factor arc as follows: 



1 

a 

1 

a 

1 

-1 

fi 

f 

PK loail-losst^s. 

XI /j3 

•10 60 

103,62 

184.47 

288.20 

Ooni loHsoH 

07.10 

07.10 

07.16 

07.10 

07.10 

Total UmoH 

78.63 

113 10 

170.72 

251 57 

366.30 

OntpuL 

2506.06 

5000.00 

7500.00 

10,000.00 

12,600 00 

Input 

2i)78.6;i 

5113.10 

7670.72 

10,261.67 

12,866.30 

I'](n(*icn{iy, pi'r (-(‘nt. . , 

1)7.0 

07.8 

07.7 

97.5 

07.2 


'Piu! total I'adial-ing surface of core and coils is calcidatcd ns follows: 

Outside logs: (1 .8-1 -|- 2.70)2 X 7.75 X ‘I = 285.0 8<[. in. 

Yokes: (2.25 -h 2.70)2 X 11.0 X 4 2.25 X 2.76 

X'IX2= 491.6 sq. in, 

Windings: 23,40 X 7.00 31.05 X 7, 22 4- 23.46 

X 2.694 X 2 = 620.6 sq. in. 


1279 . 0 sq. in. 

The radiating surface per watt loss, 

S 1279.0 , , 

W 261^ = 5.08 (see page 369). 

A plain shoot-stool tank will he used. The surface per wal.t loss 
should then ho about 4.50 (aco pago 370). Tho total area of tho tank 
walla, 

S( = (T'F„ -f lF»)iS/F = 251.67 X 4.6 = 1130.0 sq. in. 
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cliinciisions of the tmnsforincr are: 

Width: 3.68 + 2 X 2 876 + 2 X 1.81 = 13.11 in. 

Height: 7.75 + 2 X 2 25 = 12.25 in. 

Make the inside diameter of the tank 14.25 in., then the outside 
dianrcter is 14.375 in., if the thickness of the wall is ^ in. 

The depth of the hot oil 


1130.0 

“ TT X 14.376 
Tlie volume of the tank 


25.0 in. 


= ^ X 14.252 X 25.0 = 3980.0 cu. in. 


Tlie volume of the transformer, if calciilalod from the active material 
weights with no allowance for insulation, core clamps, etc., 


131.3 05 9 

0.272 0 321 


688.0 cu. in. 


The volume of oil required 

== 3980,0 - 688.0 « 3292.0 cm in. 


The number of gallons of oil 

- 3292.0 X 0.00433 14.30. 

The weight of the oil 

= 14 30 X 7.0 = 100.01b. 

An assembly drawing of the transformer without core clamps and 
lead supports is shown in Fig. 245. 

Design No. 4; Design of a 600-/fm, Single-Phase^ Shell-Type Potoer 
Transformer , — The complete rating is ns follows: 600 Kva, single 
phase, GO cycles, 22,000 to 2300 volts. The transformer is to bo of the 
solf-oil-coolcd type and must carry its rated load continuously with a 
temperature rise not to exceed 55® G, The efficiency and regulation 
at full-load and 100 per cent power factor should be approximately 
98.5 per cent and 0,85 per cent respectively. 

The ratio of losses for a power transformer is generally approxi- 
mately equal to 1.0, For this design, the ratio will bo taken equal to 




Pimgo, l^inglo 
Lino Amporea | 


Cyclea, 00 
, 4 36 


f IIV , 2300 pt 

ILVm 116-230 

Pbaao Amperes | j 


Phase Volta ^ 
f HV . . . 


Type, Pour Part Djalnbuted Coro Typo of Cooling, Self Oil 


COIIH 


Shoot Btcol 0 014-16% St 

Total flux 8030 KL 

Coro log Center Oiitsido 

Aroa 12 2 4 57 

Diainotor . . 

DimonsloiiB. . . . 3 08X3 08 181X2 70 

Donaitv . . 707 47 2 

Weight 26 7 38.0 

Coro factor. 

Yoke: 

Area 6 r>fl 

DimciiHioiiB 2 26X2.70 

Density . . 38 ft 

Wolglit 07 0 

Copper apaoe faetor, /, , . ,0 303 

Window dlmoiifliona 2 876 X7 75 

Lamination factor . 0.00 

CoHH AND WlNIMNOa 

Moan length of flux path . 7 76-7 75-11.0 

Total amporo-turnfl 42.0-10 4-24.2 

Magnoiissing nurroiit . . 0,0002 

Corn loss ourront 0 0202 

Exalting Qiirront: 

Amporoa, 0.076 

Por emit 1 73 


Per cent 

llrHistnnro . . , , . 1,08 

Keactanro 2 17 

ImpcdniicQ , 2,74 

Power fat'tor . , I 80 I 100 

Itegulation .... 1 2 08 | 1 704 

Losscb: 


Total core . . . , 



07 10 

Stray load , , 


» « > f 

10.77 

Total eopper . . 

Per cent; 

., . 


107 70 

Load .... 1 26 

1 60 

1 75 

j 100 

Enicionry , ! 07.0 | 

1 07 8 

1 077 

1 07.6 

Square uitihCB per watt 



. 6.08 

Uiitio of losscB. . 



. . 0 10 

Ratio of weights , 

. . , , , 

. , 

1,00 


Tank 

Typo of tank, plain flheet at eel 

Square uinlies per watt ... .4.60 

Total wetted Biiifa-ro 1130.0 

Depth of oil ... 26.0 

Giillons of oil. . ....... . 14 .3 

Weiirht of oil 100 0 

Cooling Qoils: 

Sisso 

Length .... . 

Surface. ... 

Water, galloiiB per minute 


WiNPiNoa 

Type of winding, 

Conunotlone 

Conduntor: 

DimnnBloiiB 

Heotion.., 

Numhop in pnrailcl 

Current DonBuy 

Turns por phase 

Collsj 

Total number 

Por core log 

"J’urnBJ 

Por roll 

Per layer 

Numbop of layers 

Coils 

Cnnneotlons. 

Dimensions 

Duets, nuinbor niul she 

IniAiiation: 

I<ayor 

Coie and coils 

II.V. ami L.V 

Voltage per turn 

Maximum voltago between layers 

Length of moan-turn 

Copper; 

Weight 

Lobs 

Ueshtance, 76® C 

Per cent end turns vitb extra insulation. 


TIjoii Voiii’Adn 

Low Yor.T\on 

Cojicontrio 

Coneontrjo 

0,083 XO 083 (1.0.0. 

0 184 XO 270 d.o.o. 

0 (10405 

0 041 

Nono 

Nunci 

035 

1000 

1000 

100 

1 

2 

1 

2 

lOOO 

60 

11-84 and 1-70 

25 

12 

2 

4 ♦ » « « 1 

Series -Parallel 

1 61X7.bfl‘ 

0.302X7.22 

1-1 

0,021 

0.024 


0 10 p.n. 

0.16 mlea pad 

24 

2.4 

403,2 

120 

23.40 

23 46 

S5 0 

80 0 

78 6 

80 2 

d M 

0 0172 


Ho marks I 






0.90. The copper density lor nign-voitagu uiiu low-voitiigo wjikiiiiks 
may bo ostiiniitcd nfc 1550 amperes iwr sq. in. A flux density of 87^000 
lines ])er .sq. in. is satisfactory with a 4.0 per cent silicon shoot-steel 
0.014 in. thick. From the loss curves in the Appendix, (-ho los.s ]>or 
pound, itv = 0 0265 XI 12 X 00 = 1.78 watts. The additional los.sen 
have been assumed equal to 12 per cent of the fundamental frequency 
losses (see page 369). 

The copper loss per pound at 75° C., 

wt = 2 58 A“ X 10-® = 2.58 X 15502 X lO-" = 0.19 watts. 


The ratio of weights is then, 


Gt~ w, TFi “ 1 78 


0.90 = 3.13 (see page 346). 


For an output constant, (7 = 0.85 {see page 348), tho not cons 
section, 


j Kv. X ft/e, X 10“ _ n 

fBA >'6 

= 118.0 sq. in. 




500 X 3. 13 X lO'i 


40 X 87,000 X 1550 

For shell-typo transformers, tho ratio of b/2a (see ptigo 349) is 
gencrall}" from 2.0 to 3.0. For a ratio of b/2a equal to 2.3, 

-■JS 


4 


0.9 X 2.3 


“ 7. 54 in.; use 7 . 5 in. 


The depth of tho core laminations, 


^ _ A, 118 0 

“ 0.9 X 2a " 0.9 X 7.5 

The width of each lamination, 

7-5 o-TE- 
a — = 3.75 in. 


17.50 in. 


The total flux, 

= A,B = 118.0 X 87,000 = 10,270 kilo-lines. 

The number of turns for the high-voltage and low-voltago windings, 

^ ^ 22,000 X 10» 

'■ 4.44/<^, ~ 4.44 X 60 X 10,270,000 "" 

t = 2300 

' Eh ~ 22,000 


804 = 84. 



The full-load cuiTonfc in the windings, 
Kva X 10^ 500 X 10^ 




22,000 


= 22.7 amperes 


h — j Ih = 22.7 — 217.0 amperes. 


For the currenl density selected, 1550 amperes per sq. in,, tJio section 
area of the conduotor for high-voltage titid low-voltage winding, 

22 7 

— 77^7, = 0.01405 sq. in. 

1550 


Sci 


217.0 

15f)0 


0 . 140 sq. in. 


Tlio upproxinmLo copper space factor is 0,183 (see Fig. 22*1) and the 
area of the window, 

, 2s.hk 2X0.00165 X80-1 

SliS 

= 120 0 8 ( 1 , in. 

Tho ratio of U»e window dimensions is gciiorally from 2.0 to 3.0. 
For a ratio 2.25, 

K -V2.25 X 120,0 = 17.0 in.; uso 17.25 in. 

lOxo = ~ 


Tho climonsions of the window are then, 
hMv - 17.26 X 7.5 = 120,4 sq. in. 


Tho approxinmlo core and copper Avoiglits will now bo ealculatod 
to detormino tho ratio of weights, which should be approximately equal 
to tho valuo assumed above. 

Tho flux density in the yokes is made equal to tho flux density in the 
center core, and tho width of the laminations for tho jmko is one-half 
of tho width of tho lamination in the center core (see Fig, 246), 

Tho moan-longth of the magnetic circuit, 

L, - + Tra - 2(17.26 + 7 5) + 3.14 X 3.75 

= 01.30 in. 


-Lutj Yvciigni} or BUG Goro, 


a = LcAc X 0.272 61.30 X 118.0 X 0 272 - 1970 lb. 

The clearance between the two halves of the center core is 0,60 iiu 
(see Fig. 246). The center of the coils generally coincides with the 
center of the window, and the insulation at each end of the coils over the 
center core is approximately the same for both high-voltage and low- 
voltage coils. With an insulation thickness at each end of tlic center 
core equal to 3.0 in, and a radius at the inside corners equal to 0.75 in., 
the approximate length of the mean-turn (see Fig. 246), 

2[(2 X 3 75 + 0.50) + 17.60 + 2(3,0 - 0.75)] + tt X 7.5 
== 83,60 in. 

The total copper weight, 

Gi - 2LUh^,h X 0.321 = 2 X 83,6 X 804 X 0.01465 X 0.321 
- 632 lb. 

The ratio of weights, 

Gt 632 

The window dimensions can thoreforo be used as calculated above, 
that is, 

hw 17.25 in., = 7.50 in. 

DESIGN OF WINDINGS 

High-Voltage Winding. — The windings of sholHypo transformers 
are generally of the interleaved type, with rectangular pancake typo 
coils, A rectangular conductor with only one turn per layer is most 
satisfactory for such coils. 

The area of the conductor for the high - voltage winding, 
Sch — 0.01465. The conductor selected from the copper table lias the 
following dimensions: 0.064 X 0.258 in. bare; 0.08 X 0.271 in, insu- 
lated d,c.c.; 0.016 sq. in, area. 

In order to provide space for the additional insulation for tlie end- 
turns of the high-voltage winding, the end coils should Imvo a smaller 
number of turns (see page 360). 

The voltage per turn 

Eh 22,000 



Fulloi'-board insulation 0.017 in. thick is used between turns and the 
coils are wound with only one layer. The number of coils and turns per 
coil arc as follows: 


Coils 

Turns per Coil 

Total Turns 

10 

62 

620 

2 

66 

112 

2 

36 

72 



801 


The dcplli of the center coils = 0.080 X 02 4- 0.017 X 61 = 6.0 in. 
With a window 7.5 in. wide, the space at each end of the coils = 0,75 in., 
which is required for insulation (see Fig. 246). One coil with 56 turns 
and one with 36 turns arc placed at each end of the winding. These 
coils arc insulated with extra heavy insulation on the turns to approxi- 
mately the same dimensions as the center coils. 

After tho coils are wound, they are thoroughly dried and dipped in 
insulating varnish and baked until dry, Tho varnish treatment is 
repeated until tho coils have a smooth, glossy surface, which indicates 
.that nil oroviccs aro filled with tho impregnating compound. Tho 
average thicknos.s of the high-voltage coils may bo taken equal to 
0.286 in. 

Low-Voltage Winding. — Tho conductor for the low-voltago winding 
will 1)0 built up of 4 parallel conductors. The dimensions of each con- 
ductor aro: 0.129 X 0.268 in. bare; 0.149 X 0.276 in. insulated d,c.c.; 
0.0326 sq. in. area. Four low-voltago coils am used with 21 turns per 
coil, wound in two sections, with 10^ turns per section. The four 
parallel conductors aro wound flat on top of one another, with fuller- 
board insulation 0.034 in. thick between turns. The depth of each coil 

= 4 X 0.149 X 10.6 + 0.034 X 9,6 = 6.58 in. 

With a window 7.5 in, wide, tho clearance at each end of the coils for 
insulation ■= 0,46 in., whicli is satisfactory for a 2300-volt winding. 

Tho thickness of each low voltage coil 

= 2 X 0.276 + 0.035 = 0.587 in. 

Here 0.035 in, is tho thickne,s3 of the insulation between tho two sections 
of tho coils. 

Tho high-voltage and low-voltago coils aro arranged in tho window 
as shown in Pig. 246, Tho insulation between high-voltage and low- 



.. - .-t.. pma s-jj-in. luuor-txjiircl inmilatioii 

pltis another jj-in. ducL. Ihitwcon liigli-voltago coils, fnHei 

l)oarci insulation plus ;J-in. duct is us(‘d. Tho two low-voltiign coils ii 
tho e(>n(()r of tho windenv ai’<* separated by a J-iu, duct. Tho clearano 
hetwciMi the IoW“Vnltago coils and yoke at na<!h end of the wiiiclow i, 
fipproxiinalely 1.0 in., as shown iu I''ig. 2’l(i. 

The ch'nrancc i)etween tho end.s of the higli-voltago (ahla and tin 
cenh'f core i.s IhO in. h\>r tho low-voltage winding this cloanineo it 
21 in. (.s(ic Kig. 210). 


OPERATING CHARACTERISTICS 

The total flux, 

_ 5'L^ 

“ •! Mfit, ~ '\ .•h”'x oil X «()i' 

= 10,270 kilo-lines. 


The net section of tho center core, 

A, = 0.7r) X 17.5 X 0.00 X 2 « 118.0 stp in. 


and tho flux dciusity in tho nuignotio circuit, 


Jn « X JO'* 
A. ' 118.0 


87.0 kilo-lines. 


No chango.s have boon made in tlie corn diinensions. Tho tolal 
weight is themfore as givon, (r„ » 1070 0 lb. 

Tile coils for botli windings am wound on a form with a ‘|-in. radiua 
at tho corners. The mean-length of turn for the high-voltago coils 
(SCO Tig. 2‘I0), 

Lk = 2[(2 X 8.76 -I- 0.60) -[- 17.50 -|- 2(3.0 - (),76)J -h jt X 7.6 
= 83 00 in. 


For the low-voltage coils, 

L, = 2[(2 X 3.76 -j- 0,60 ^ 0.75) -|- 17.60 -I- 2(2.026 - 0,76)) 
-I- jr(7.5-|-0.76) 

= 82.9 in. 

The weight of copper in each winding, 

Gu = L,,hs,u X 0.321 « 83,0 X 801 X 0.015 X 0.321 
= 346.1b. 

0, = LitiSc, X 0.321 « 82,9 X 84 X 0.13 X 0.321 
= 290.01b. 






a 1970 
Gt ~ 346 + 290 


3.10. 


Tlio current density in the two windings, 

22 7 

Ah = - = 1420 ampoi'cs per aq. in. 

217 

Ai ~ ~~~ = 1670 ampercs per sq. in. 

U . lo 


The output constant, 
Ar 


C = 


118.0 


'ICval7,/(7t X 10“ 


/BA 


4 


500 X 3.10 X 10' > 


== 0 852 


GO X 87,000 X 1516 


The copper space factor, 

Sehifi d* AVi/i 0.016 X 804 d~ 0.13 X 84 
’ "" ” hlw^ ^ 17726 x775 

= 0.184. 


The loss per pound per cycle for 4.0 per cent, 0.014-in., silicon sheet 
steel, for a flux density of 87.0 kilo-linos, is 0.0266 watt, If tlio addi- 
tional 10 SSO.S arc ostiraated to be equal to 12 per cent of the fundamontnl 
frequency losses, the total core loss, 

Wc = 0.0205 X 60 X 1.12 X 1970= 3600 watts. 

The PB loss in each winding at 75° C., 
m = 2.58Ah^Gh X 10-0 = 2.58 X 1420® X 346 X 10 "« 

= 1788 watts 

Tl^i = 2.58Ai^G, X 10-fl = 2.68 X 1670^ X 290 X 10-« 

= 2080 watts 


The ratio of losses, 
TFj _ 3500 

Ft “ 1788 + 2080 


0.904. 


The resistance of each winding at 76° C., 


Rh 


Ri 


in 

m 


1788 
22.7® 
2080 
217® ' 


3.47 ohms. 


0.0442 ohm, 



The total resistance at 75“ C., m terms of the high-voltage ivinding, 
17S8 + 2080 


Rt = 


= 7.5 ohms. 


22,72 

The per cent resistance drop, 

™ 1“' 

The per cent reactance ilrop is calculated by formula 224, 

„ n .Qft'k^xul h f a:h(hi, + 3:tchi , r . 

■ /.B. X 10« I' + V 


11 0 X 00 X 4022 2 X 22,7 

7 6 X 22,000 X 10« 

/7 X 0.285 + 2 X 0.587 

\ 6 


+ 1 


.156^ 83. 


6 X 0.884 


= 3.05 por cont. 

The per cont impeclanco drop, 

Pz = Vp^^ + Pr^ = Vs. 652 ^ 0.7752 = 3.74 per cent. 

The sustained short-circuit current for normal primary voltage, 

7 X 100 22.7 X 100 

Pz " 3.74 


7. 


= 607 amperes. 


To calculate the mechanical strosses on the coils duo to the short- 
oirouit ourront, seo reforonccs page 367. 

The regulation for 100 por cent power factor load 

3.052 


- p, + ^ - 0.775 + 


= 0.842 por cont. 


For 80 por cont power factor load, the regulation 

T, . «r. , (cos — sin (?Pf)2 

= cos OP^ + sin OPx + 

(0.80X3.66-0.60X0.776)2 
= 0.80X0,776 + 0.60X3.66-1-^^ ^ - 

= 2.84 per cent. 

The moan length of the flux path has been calculated and is equal tu 
61.3 in. From the standard saturation curve for 4.0 per cent silicon 


steel, the ampore-turns per inch for B — 87.Q kilo-linos, at ~ 
There arc 4 joints in the magnetic circuit and tlio ampGro-turiis for ci 
joint (see Fig. 239) = 99. 

The total ampore-turns, 

AT = 22 X 61.30 + 4 X 99 = 1746. 

The magnetizing current, 

^ AT 1746 

■'»> « 7- 7 ;:. - : = l.o3 amperes. 

V2lh 1.42 X804 

Tho component of the no-load current in pliaso with the voltage, 




Wr 3500 


0 . 159 amperes. 


Ea 22,000 
The exciting current, 

lo = = Vl.638-t- 0.159^ = 1.54 amperes 

1.54, 


22.7 


100 = 6.7 per cent of full-load current. 


Tho stray load-Io.ssos are estimated equal to 12.6 per cent of tho tot 
PR I0S.SOS at 75° C. (see page 369). Tho cfflcioncy and losses for varioi 
loads at 100 per cent power factor are as follows: 



i 1 

f 

1 

1 

K 

H 

PR + stray Joafl-lossoxS . . , . 

273 

1,00 L 

2,462 

4,361 

0,81: 

Coro losses 1 

3,600 

3,600 

3,600 

.8,500 

3,601 

Total losses 

3,773 

4,691 

6,062 

7,861 

10,31i 

Output 

126,000 

1 250,000 

376,000 

600,000 

026, orH 

Output plus losses 

128,773 

26'f,6fll 

380,062 

607,851 

036,31/ 

JSfRcioncy 

07.2 

08.2 

08.4 

08.6 

08.3 


The total radiating surface of tho transformer core and windings i 
calculated as follows: 

Core 2(2(3.75-1-17.5)61.30] = 5,210 sq. in 

H. V. Coils (6.0 X 83.6) (4 -f 12) -f (0.286 X 83.6) 

2 X 14 = 8,680 sq. in 

L. V. Coils 2(6.68 -1- 0. 587) 82 . 9 X 4 = 4,750 sq. hi, 

The total radiating surface = 18,640 sq. in, 



ana Uio sun ace per watt loss. 


S 18,640 ^ , 

W "" "T^ -^2.38 (seo page 360), 

A corrugatofl shoofc-sbeol tank is rcquirccl for this transformer and 
the tank surface per watt loss should be approximately 7,5 {see page 
370). The total wettod tank surface, 

St == + Wt) 4 = 7851 X 7.5 = 58,900 sq. in. 


Tlin corrugation used for tho tank will be the typo shown in Fig. 242 
with depth ociual to 4 in., pitch equal to 2.26 in., and a mean length per 
inch of contov line equal to 4 .05 in. The tank is made square in section, 
with a longlli of center lino equal to 15C.0 in. (sec Fig. 24C). The depth 
of the hot oil 


58,900 
1500 X 4.05 


93.2 in. 


Tho volume of oil required is equal to tho volume of tho tank, minus 
the volume of tlio transformer. The volumo of tho active material of 
the Iransformor can readily bo calculated from the weights. The tank 
volumo 

=■ 39.0 X 39.0 X 03 2 = 142,000 cu. in. 


and tho volumo of tho active material of the transformer 


1970 035.0 

0.272 0.321 


== 9230 cu. in. 


Tho total volumo of oil recpiirod is then equal to 132,770 cu. in., 
which is slightly high because the volumo of the insulating material, 
core clamps, coil supports, leads, etc., has not boon subtracted. 

Tho number of gallons of oil 

_ =- 573 = 1.16 gallons per Kva. 

231 

The total weight of tho oil = 7 . 0 X 573 — 4010 lb. 

Figaro 212 shows a complete shell typo transformer removed from 
tho tank and shows the method of clamping the core and the coils. 





Kva, SOO Phase, Singlo Cycles, GO 

{ IlV 22 7 
LV ' 217 0 
Type, Shell 


f HV , 22,000 
I LV . 2,000 


Volts I 

Type of Cooline, Self bil 


PluwQ Volts I 
Phase Amperes / 


tlV., , 
LV., . 


Sheet steel . . 

COIIB 

0,014-4 e Si 

Output coiifttnnt . 

0.85 

Coro leg 

Contgr 

Outside 

Area 

118 0 

50 0 

Dnimoter . 



Dimensions 

(2X3 75)Xl7.ri 

3 75X^7 6 

Density 

87,000 

87,000 

Weight . 1 

Total core 

1070 0 

Coro factor , 


, , 

Y oko: 

►\rea 


60,0 

Dimenaioiia 


3.76X17 6 

Density 

, , 

87,000 

Weight 



Copper Bpneo factor,/, 

0 181 

Window dimensioiiB . . . . 

7 5 X17 26 

Lamination factor . . 

. 0 00 

Cone AND Windings 


Moan lonigth of flux path . . . 

01 30 

Total flinporo-turna 

. . 17 16 

Magnetizing current 

... 163 

Coro loBS current ... 

0 169 

Exciting current: 


Amperes 

... ... 

. .. 151 

Per cent . . . 

. . 

. 0 78 


80 
2 81 


. 1 26 1 

1 60 

1 76 i 

100 

. 1 07 2 1 

1 OS. 2 i 

1 08 4 1 

I 08 6 

per watt 

. . 


2 38 


Per cent: 
Resistaneo 
Renctaiipc 
impodnnee , 
Power faetiir 
Regulation 
Losses: 

Total core 
Stray load 
Total <'opper 
Per cent' 

Load 

ElTioioacy 


Ratio of losses 

Ratio of woiKlits. 

Short oircuifc current 

Tank 

Typo of taiiki eornigated sheet steel, 2, 

Sciunre inches per watt 

Total wettoil surfaec. . 

Doiith of oil . . , . .... . . . 

Onllona of oil 

Weidit of oil 

Cooling coils: 

Sl?!C 

Length 

Surface .... 

Water, gallons pop innmto 


0 776 
. 3.060 
3 740 
100 
0.812 

3600 0 
483.0 
3808,0 


. 0 004 
..31 
. 007 0 

26X4 0 
. 7 6 

68,000 
. 03 2 
. 673,0 
4010 0 


Windings 

iriOll VOUTAGU 

Low VOUTAOK 

Typo of winding .... 

Connections 

luiorloavcil 

Iiitorloavod 

Conductor: 



Dimensions 

0 08X0 271 d.c.o. 

0 1 40 XO 270 d.o.o. 

Section 

OOlfl 

0.0326 

Number m pnrnllel 

None 

4 

Current Density 

1120 0 

1070 0 

Curns per phnso. . . 

Tolls. 

804 

84 


14 

U 

4 

Per core log 

Turns: 

4 


Per roil 


21 

Per layer ... .... 

M 

10 6 per flftotion 

N umber of laycrfl 

Coil* 

Coniiootions 

1 

2 soetlons 

Series 

Series 

Dimonsions 

0 286X6 0 

0 6S7 X0.68 

Durts, number and size , , 

Insulation 

* F.B.-hi D. 

J D. 

Layer . 

0 017 

0.034 

Coro and coils . » , . , 

0 76 

0,40 

H V and L.V 

f D.-f Hl'Ml +i D, 

Voltage per turn . ... 

Maximum voltage between layers . . , , 

27.4 

676 between eootiona 

82 00 

Length of mean-turn. .. . 

83 00 

Copper: 

Weight 

346.0 

200.0 

Loss . , 

1788 0 

2080.0 

Resistance, 76° C 

Per cent end turns with extra insulation 

3 47 

0,0443 

11.5 


Remarks: *1Q eoils, 62 turns 


2 coils, 60 turns 
2 coils, 30 turns 


Designed by: J, II Kuhlmann 


Date: 



^PENDIX 

ROTJIOT COPPER WIRE— BARE AjSTD INSIiLATED 
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SQtFAKE COPPER VITRE— BARB AND INSULATED 


Weight, 

Pounds per 1000 Ft. 

D.C.C. 
Asb. C. 

O O CO 

00^0 
f-H (M 00 

M «0 O 

05 CO CO 
CO O 

0 

rH 

157 

194 

249 

315 

401 

1 

17 9 

23 2 

29 8 

O 05 o 

CO CO tH 
CO O 

76.7 

98. 0 

120 

CO 05 CO 
»0 CO 

rH rH (M 

C5 

0 05 

CO CO 

Ohms 

per 1000 Ft. 

At 75° C. 

CO ^ CO 

IH O (N 

W »H r-l 

1 00 
.814 
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.498 

390 

317 

.249 

.202 

.157 

05 

<0 

Cl 05 
rH 0 

d 

o 

(M 

-« 

1 79 

1 as 

1 07 

S42 

682 

.525 

.417 

327 

.266 

C5 05 01 

Q CO CO 
^ rH tH 

CO 

tH 

rH 0 

Area of Copper 

Square 

Inch 

00465 
.00603 
. 00775 

.00957 

0122 

OloS 

.0199 

.0254 

.0312 

.0397 

0490 

0632 

rH 

0 (M 

0 rH 

Circular 

Mils 

5,920 

7,670 

9,860 

13,600 

15,500 

20,100 

25.400 

32.400 
39,800 

50,600 

62.400 

80.400 

102,000 

130,000 
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COPPER STRAPS— SOFT 


Size 

Area jn 

Per 1000 Ft. 

Thickness 

Width 

Square 

Inch 

Ohim 
at 25° C. 

Ohms 
at 76° C. 

Weiglifc i 
Pounds 

.013 

.326 

.00410 

1.08 

2 37 

16.1 



.00579 

1 44 

1.71 

22 3 

,020 


.00721 

1.15 

1 37 

27.8 


75 

.0149 

.667 

.064 

57 6 

.02U 

1.26 

.0249 

.333 

,398 

90,0 

.025 

.365 

00809 

.924 

1.10 

34.7 

.026 

.6 

.0124 

.672 

.801 

47.7 


1.0 

.0240 

.334 

.398 

96.8 

.025 

1.6 


.222 

.265 

144 

.032 

.365 


.726 

.864 

44.2 

.032 

.5 


.626 

628 

00.8 


.026 

.0198 

.420 

.601 

7C.2 


.76 


.349 

.417 

91.7 


.876 


.299 

.357 

107 


1.0 


.201 

.312 

]22 


1 26 


.209 

.249 

163 

,032 

1.5 


.174 

.207 

184 

.032 

2.0 

.0638 

.130 

,165 

246 

.010 

.365 

.0143 

.683 

.695 

66,0 

.040 

.625 


.337 

1 .402 

96.0 

.040 

.75 


.280 

1 ,334 

114 

.010 

1.26 

.0497 

.167 

.200 

191 

.040 

1 6 


,139 

.166 

230 

.047 

.6 


.361 

430 

88.7 

.047 

.626 


287 

.343 

111 

017 

.76 

.0348 

,239 

.285 

134 

,mr 

1.0 

.0485 

.170 

,213 

179 

.047 

1.26 

.0683 ' 

.143 

.170 

226 

,017 

1 6 

.0700 

,119 

,142 

270 

.047 

1.76 

.0818 

.102 

,121 

316 

.047 

2.0 

.0936 

,0888 

.106 

360 

.051 

.306 

.0181 

.469 

.648 

69.7 

.063 

.438 

.0271 

.307 

,366 

104 

.063 

,5 

.0307 

.271 

.323 

118 

.063 

.626 

.0386 

.216 

.267 

148 

,003 

76 

1 ' 

.0464 

179 

.214 

1 

179 











Size 

Area in 
Square 
Inches 

Per lOOO Ft. 

Thickness 

Width 

Ohms 
at 25° C. 

Ohms 
al 75° C. 

Weight in 
Paunds 

.003 

,875 

0643 

153 

.183 

209 

003 

1 

,0622 

.134 

169 

240 

.003 

1 25 

.0779 

.107 

.127 

300 

,063 

1.6 

.0037 

.0SS7 

.100 

361 

063 

1 75 

.109 

0750 

0900 

422 

.063 

2 

125 

.0064 

0792 

482 

.063 

2.2S 

.141 

.0590 

0703 

643 

.084 

268 

0100 

.520 

.620 

01 0 

.064 

.305 

0228 

.304 

434 

88,0 

078 

.5 

,0377 

.220 

.263 

146 

.073 

626 

,0475 

.175 

.200 

183 

.078 

.75 

.0572 

.145 

.173 

220 

,078 

.875 

.0670 

.124 

.148 

268 

.078 

1 0 

0767 

.108 

,129 

290 

.078 , 

1 25 

.0962 

.0863 

.103 

371 

078 

1 

1,6 

.110 

.0718 

! .0866 

44Q 

,078 1 

2 0 

.155 

■ .0537 

.0040 

600 

.004 

.438 

.0406 

204 

.244 

167 

004 

.6 

,0451 

1 .184 

.220 

174 

.004 

625 

0569 

.146 

,174 

219 

.004 

75 

.0686 

.121 

.144 

264 

■■ 

.875 



1 .123 

310 


1 0 


.0002 


366 


1 25 

116 



440 

094 

1 5 

.139 



630 


1,75 

.103 

0511 

.0600 

627 

,091 

2 0 

186 

,0440 

.0632 

717 


.6 

.0§20 

.160 

.191 

200 

,109 

.026 

.0650 

.127 

.161 

263 

.109 

,76 

0792 

.105 

.126 

306 


,875 

.0928 

.0805 

.107 

368 

.109 

1 

.107 

.0780 

,0931 

411 

.100 

1 25 

.134 

.0621 

.0741 

616 

.100 

1,5 

.161 

.0516 

,0616 

021 

100 

1.76 ' 

.188 

.0441 

,0626 

726 

.126 

.438 

.0539 

.154 

.184 

208 
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4 . J. OyttiTiiXlGii 


Sho 

Area in 
Square 
Inches 

Por 1000 Ft. 

Thickness 

Width 

Ohms 
ftt 25° C. 

Ohma 
at 75° C. 

Weight in 
Povmds 

.m 

6* 

0502 

,140 

.168 

228 

,125 

.625 

.0748 

.111 

.133 

288 

125 

75 

.0904 

0919 

.110 

348 

.125 

875 

.106 

0783 

.0934 

409 

.125 

1.0 

122 

0683 

.0814 

469 

.125 

1.25 

.163 

.0613 

0048 

589 

.125 

1.6 

.184 

.0451 

0538 

710 

126 

1.76 

.216 

.0386 

.0400 

830 

126 

2 

.247 

0337 

.0402 

960 

.129 

.268 

.0326 

.250 

.305 

126 

.141 

.6 

0088 

.121 

.144 

264 

.141 

.876 

.120 

.0692 

.0826 

463 

.144 

.268 

,0363 

.229 

.273 

140 

.166 

.6 

0701 

109 

.130 

293 

.150 

.625 

.0950 

.0809 

.104 

309 

.156 

.76 

.114 

.0731 

.0872 

438 

.156 

,875 

,133 

0024 

.0744 

613 

.166 

1.0 

.163 

.0514 

0040 

688 

.156 

1 1.26 1 

.192 

.0434 

.0617 

738 

.166 

1.5 

,231 1 

.0300 1 

.0430 

889 

.156 

1.76 

,270 i 

.0308 1 

.0367 

1040 

.160 

2.26 

.348 

.0239 1 

.0286 

1340 

,162 

,326 

.0618 

,160 

.191 

200 

.162 

.366 

.0683 

.143 

.170 

225 

.188 

.6 

.0921 

.0902 

.108 

356 

188 

626 

116 

,0718 

.0857 

446 

.188 

.876 

,161 

.0516 

.0615 

621 

188 

1.0 

185 

.0450 

,0537 

712 

.188 

1.26 

.232 

,0359 

0428 

893 

.188 

1.5 

.279 

.0298 

.0350 

1070 

.188 

2 

,373 

,0223 

,0266 

1440 

.188 

2.5 

.467 

.0178 

0212 

1800 

.219 

.438 

,0940 

,0883 

.105 

302 

.219 

.6 

.108 

.0772 

,0921 

415 

.219 

.626 

.135 

.0616 

.0734 

620 
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LIST OF SYMBOLS 


A 

A - current density, amporca per square inch 

A ^ widtJi of commutating siono for one coil iii inches of armature oircumforeneo 
Art = cuiTGut density in armatuio conductor 
Ab — ourront density at brush contacts 
Ac — area of core section 
Acr “ current density in the end-ring 

Af ~ current density in field copper (shunt field for cl-c. machine) 

Ab ^ current density in high voltage winding 

Ai = ourront density in commutating iiold copper 

Ai = current density in low voltage winding 

Ar - current density in rotor copper (bins of squirrel-cage winding) 

Aa = current density in scries field copper 
As =5 current density in stator copper 
AT ampere-turns 

ATo = maximum ampere-turns per polo of armature reaction 
ATrt/ == equivalent field ampGrc-liirns per polo of armature reaction 
ATj; - air gap ain])ore-turns per polo 
ATq{ — ampore-turns per polo for coinmiitj^ting polo air gap 
AT;, ~ ainporc-Uirns per polo for field polo 
ATpv ampere-turns j)or polo for commutating polo 
AT< »= amporc-fciirns por polo for armuturo tcotli 
ATii « amporo-turns por polo for teotli under commutating polo 
s= ampcro-lurns per polo for rotor teeth 
AXta amporo-turns por i>olo for stator teotli 
AT;,rt amporo-turns por polo for armature yoke 
ATj^ai = amporo-turns per commutating polo for flux in armature yoke 
ATk/ amporo-turns per polo for field yoko 
ATt,/i ~ amiiore-turns por commutating polo for flux in field yoko 
AlVr = ainporc-turns per polo for rotor yoke 
ATjfs - amporo-turns por polo for stator yoko 
AT? = total ampore-tunis per polo 
ATPrt armature ampere-turns por polo 
ATPc ~ armatuio oross-magnotizing ainpore-turns 
ATPrf = armature magaetij?ing ampore-turns 
ATP/ *= amporo-turns por field polo (shunt field for d-o« machines) 

ATP,- ampore-turns per commutating polo 
ATPo ^ no-load ampore-turns iier pole synchronous macliinos 
ATP, - scries field amporo-turns per polo 
ATP, ^ amiiere-turns per field polo for full-load and short circuit 
ATPso *= ampore-turns por field polo for full-load and 80 por cent power factor 
ATPiqq »= ampore-turns por field polo for full-load and 100 por cent power factor 

433 



a - tlimenmoii of core fiection (sco Figs. 220, 221 and 222) 

Ux — width of tube of force at armature circumference 
at = ampere-turns per inch 
atp - ampore-turns per inch for the pole density 
at; - ampere-turns per inch for the tooth density 
afc/r = ampere-turns per inch for rotor tooth density 
at/a = ampere-turns per inch for stator tooth density, 
at(;rt ampere-turns per inch for the armature yoke density 
aty/ - ampere-turns per inch for the field yoke density 
attfr - ampere-turns per meh for rotor yoke density 
atyj ampere-turns per inch for stator yoke density 

B 

B ^ pole arc, inohes of armature circumference 
B ^ flux density 

Ba » average value of air gap flux density 
Be = eft'ectivo value of nir gap flux density 
- flux density in main pole air gap 
Bp, = flux density in commutating polo air gap 
B — maximum valiiG of air gap flux density 
Bj, =s flux density in polo 
Bf. = flux density in teeth 
B;, — flux density in teeth at air gap surface 
B/^ = flux density in teeth at minimum tooth section 
B/j flux density in teeth at point J slot depth from minimum sootion 
B/rj = flux density in rotor teeth at bottom of slot 

B/ra «= flux density in rotor teeth for section i tooth length from minimum section 
B/s, = flux density in stator teeth at air gap surface 

B/«, ~ flux density in stator teeth for section i tooth length from minimum section 
Bj/a — flux density in armature yoke 
Byf *= flux density in field yoke 
Byr = flux density in rotor yoke 
Byj »= flux density in stator yoke 
Bi - maximum value of fundamental of flux wave 
Ba — inaximiim vnliie of thiul liarmonio 
Be « maximum value of fifth harmonic 
Bj »= maximum value of seventh harmonic 
h ^ armature coil extension (see Figs. 60 and 136) 
b = number of commutator bars covered by brusli 
b ^ dimension of core section (see Figs. 220, 221 and 222) 
bs — angle of brush shift, inches of armature oircumforonce 
bi ^ brush thickness, inches 
bf — mean width of tube of force 


C 

C == output constant 

C *= length of straight part of armature coil ond-connection (see Figs. 60 and 
136) 



Cca — cooling coefficient for arniaturo 
Ccc = cooling coefficient for commutator 
Ccf = cooling coefficient for shunt fieltl ^vinding 
Cci — cooling GoefficiDiit for coinmutnting fieUl winding 
= number of coil sides per slot 
^^ 10 =* winding constant 


Cl - 


a X 00 X 10^ 


(see formula 129) 


m 

0 / =f coefficient of friction 

Cl ~ a clearance to allow for brush stagger 


D 

D = arinatiiro diameter — outside for d-c. machines 

— iiiaulo for synchronous machines 
D inside diameter of stator induction motors 
D - diameter of circnmscribecl circle, cruciform-shaped core section 
Dc ^ commutator diamotor 
Dcr ^ mean diameter of end-ring 
Di - inside diameter of armature d-c. mnehincs 
— inside diameter of rotor induction motors 
Dq «= outside dinmoicr of armature core synchronous machines 
Dr “ rotor diameter outside 
D^x - maido diameter of field yoke 
Dyo » outsiilo diamotor of field yolco 

(/ - thickness of coil end-connection plus clearance (sec Figs. 50 and 1110) 
d space between Iiigli and low voltage coils (see Figs. 23G and 237) 
dhxi dbn dbi and = see Fig. 168 
d/ =3 depth of field coil (shunt field d-c. machine) 
d/„ d/„ and d/a = depth of scctiona 1, 2 and 3, respectively, of wire wound field eoil 
(sec Fig. 153) 

dk » thickness of high voltage coil (see Figs, 230 and 237) 
di — thickness of low-voltage coil (see Figs. 230 and 237) 
djdi = rale of change of current 
di - slot depth 
dir = rotor slot dopth 
dit ~ stator slot depth 
d/aiKld&= see Fig. 141 

dya ~ double radial depth of armature yoko 
dyf - double radial depth of the field yoko 
dyr = doul)lo radial dcjith of rotor yoko 
dyi - double radial depth of stator yoko 
dih = thickness of each high voltage eoil per group (see Fig. 238) 
dxi - thickness of each low voltage coil per group (see Fig. 238} 
d\ - distance between adjacent polo tips (see Fig. 54) 
di, da, da, and d^ — see Figs. 143 and 146 

dir, dar, dar, and dir — see Figs. 196 and 197 

dis, dui daa, and = sec Figa, 104 and 195 

da = mean distance between adjacent pole bodies (see Fig. 64) 



E — induced voltage 

E - effective value of induced voltage per idiaae for aUernating current 
machines 

E 0 ^ exciter voltage 

Ef = voltage drop in field winding (filiiiiit field d.-c. machine) 

Ek high voltage 
El « low voltage 

Er — rotor voltago between slip rings 

Et = terminal voltago per phase for alternating current machince 
El ~ voltage induced by armature fiux (sec formula 130) 

Cr - leactance voltago per coil 

= average voltage between adjacent commutator bars 
Csjn ^ maviimim voltage between adjacent commutator bars 
ct ^ voltago per turn 
eff = efficiency 

F 

Et 2 ™ stator and jolor ond-conncction leakago factor 
Fsr - rotor slot leakage factor 
F^a = stator slot leakage factor 
/ see Figs 50 and 130 
/ = fre(|uency cycles per second 
fb ^ form factor 
/c =s chord factor 

fer “ choid factor for rotor winding 
Ea — core space factor 
f(i = air gap flux distribution factor 
fa =* copper space factor (see Fig. 224) 
fu, = winding distribution factor (see Fig. 122) 
fwr — winding distribution faohir for rotor winding 

a 

Oa = armature copi)Gr weight 
Gc ~ total core weight 
Gti =*= weight of core in teeth 
— ^roiglit of core in yoke 

Gf — field copper weight (shunt field d-c. machines) 

Gh ^ copper weight in high voltage winding 
Gt ~ copper weight in commutating field winding 
G]f = total copper weight transformers 
Gi = copper weight in low voltago winding 
Gg = copper weight in series field winding ^ 

g = see Figs. 50 and 136 
Oc — core weight per cubic inch 
gf, “ copper weight per cubic inch 

II 

II — mngnetisjing force 
h — height of winding (see Figs, 236 and 237) 
h/ = height of field coil (shunt field coil d-c. mnehino) 



,.ji — iiuij'ut ui pojo nocly (son I’igs. 51 and 141) 
Aa — height of polo shoo (sco Figs. 51 and 141) 
hto — height of window oponJiig 


I 

/ — terminal current ampcroa per phase for aUcriiating current nuioluncs 
/„ ■=^ armature current 
h = ofTootivo vnluo of eurront in eacli bar 
7 a - current in Jiigh voltage winding 
7/ == current in low-voltage winding 
Itn = maximum value of current per bar 
Im ^ magjieti^ing current por pliaso 

! tun — magnetizing current per phase due to air gap relurtanco only 
Iq — no-Ioacl current per pJiaso (exciting ciiiTCiit) 

Ir - rotor eurront por phase 
7s «= short circuit ciMTont por phase 
Is ^ series field curi'enfe 

ho watt component of the no-Joad current jDor i)hnso 
in - armature current por path 
i/ ^ field current (slumt field cl-o. machines) 

^ maximum field current with rheostat ail out out and 120 volts aoioss col- 
lector rings 
no-load field current 

ViQo hold current for full-load anti 100 por cent power factor 
Vsa ^ current for full-Joacl and 80 por cent power factor 

K 


K = number of commutator bars 
Ka ~ armaUiro roacliojx factor 
Kj, =5 belt leakage constant (sec Fig. M5) 

Kbr ~ rotor holt lonkngo constant (see Fig, 145) 
stator bolt leakage constant (see h'lg, M5) 

Kr » correction factor for chorded rotor windings (see Fig. 144) 

Ks - coriootion factor for chorded stator wiiulinga (see Fig. 144) 

JCva =* Jcilovolt-ampcros 
Kw - kilowatt 

KWft = armature kilowatt output 
Ic ~ air gap coefficient 
kr = air gap coefficient for rotor elols 
ks “ air gap coefficient for stator slots 
Aji = stacking factor (0.00 to 0,93) 

ki - 1.73 for star-connected and 1 .00 for dolta-eonnccted rotor winding 
kz “ 1.73 for Btar-conneoted and 3 for delta-con nee ted winding 
hi — see formula 225 

L 

L = cooffioient of self-induction 
Ij ~ total length of conductor in winding 
La - length of one-half mean-turn of armature coil 


I 


t 


h 


I 

\ 



ii. * 
1 


hi 



Ijf length of inenii“tiim of field coil (shunt field for d-c, ninchirio) 

^/it fliitlZ/g ~ length of inoan4uin of sections 1, 2 and 3, respectively, of 
Avirc- wound held cod (see I<'jg J53) 

Lft ^ length of mean-turn of high voltngo coil 
Li ^ length of moan-turn of commutating held coil 
Li — length of meaii-tuni of low voltage cod 
Lr - length of one-hnlf mean- turn of rotor coil 
Ls — length of mean- turn of scries field coil 
L» - lengtli of ono-lmlf incaii-turn of stator coil 
U — coefficient of self and mutual induction 

L'x — coefficient of self and mutual induction for armaturo leakage flux path one 
^ coefficient of self and mutual induction for annaturo leakago flux path two 
L\ — coefficient of self and mutual induction for annaturo leakage flux path 
three 

L ‘4 ^ cooffieient of self and mutual induction for armature leakage flux path foui’ 
I - length of armature core — stator core induction motors 
it, — ofTccHvo length of har-sf|niiTcl-eago winding 
Ic — length of commutator 

ic ^ mean length of magnetic circuit (transformers) 

L — lionsjontal length of armatuio cod cnd-eonnoctions (b -\-f -|' g, Vig. fiO 
and Fig, 136) 

Ig = length of air gap section 
Ig ^ gross coie length (I — 

Ifi = length of flux path m polo (radial length of ])olo) 

L — lengtii one-haif arinaturc coil end-connect ions - La I 
li = length of flux path in teeth - 
hr ~ length of flux path in rotor teeth 
Its — length of flux path in stator teeth 
ly ^ length of yoke, transformers 
It/it ~ length of flux patli in annaturo yoke 
lyf = length of flux path in field yoke 
iyr «= length of flux jmth in rOtor yoke 
Iga — length of flux path in stator yoke 
/i — axial length of polo shoo 
k - axial length of the field yoke 


M 

M ^ cooffieiont of mutual induction 
w =« dcgieo of miiltiphcit}'^, d.-c windings 
m — number of phases 1 

m ^ number of comiiiiitator bars per slot 
7?imf — magnetomotive force 
?nr ^ number of phases m rotor winding 
jHs = number of phases in stator winding 

N 

N ^ total immbor of conductors, d-c. machines 
— number of conductors in scries per phase 



Nj — luuTiljor of rotor conduciois in son os por phaso 
n ” «por(lj revolutions per nuniite (synuhroiious speed u-t*. mnohincs) 
Ha — nuinbor of brush arms 
7ib = miinbor of brushe-s per arm 
Hd = niunlier of ventilating ducts 
no - motor iiodoacl ftpcccl 
Us — revolutions iior secoiul 
th = motor full-load speed 

V 

P - brush pressure pounds per scpiarc inch 
P = por cent iiitch 

~ per cent rcsjstauco drop 
Pn K= per cent rciiefaneo drop 
7^ ** per cent impedance drop 
PP - power factor 
PFo - power factor no-loacl 
PP^ power factor short-circuit 
p — mimbor of poles 


Q 

Q ^ ftinporo conductois por inch of arinatnro c irou inf oioneo 
Q — ampere ronductors per inch of stator gu]) circa mforcnce 

H 

72 - resist a neo 

72rt - lesistanco of armature winding — per plmso for synchronous machines 
72c armature circuit resistance 

72/ rosisiiinco of field winding (shunt field for d-c. machines) 

Eh — resistnneo of high voltagiJ winding (per phase for 3 -phase) 

72j ==» icsistanco of commutating field windidg 

Ri - n^sistaueo of low voltage winding (por jihasc for 3 iihasr) 

72r *= rJieostiit rosistanco 

72,. = equivalent rotor resistance per pliaso 

Erh - rheostat resistance jier phaso (w'oinul rotor induction motor) 

72,0 hold rheostat resisfcnneo foi* no-load 
72^1; TiVj = starting box :esistanco for first button, socoiicl button, etc. 

/2fl - resistance of series field wimling 
72a - I esistanco per phase of stator winding 
Et - total icsistanco in terms of 'high voUngo winding 
72i = iGsistanco at tomporatuie Ti 
7?2 = resistance at temperature 
r - OX)02 for C. ; 0 826 for 75 C. 
r.p.m. = revolutions por ininiito 

S 

S ^ number of slots 
*Sf = radiating siufaco 
Sa - armature radiating surface 



Sc — radiating surfflco of commutator 
Scr ^ total rotor coj)per section 
— total sttitor copper section 

Sf =5 radiating surfiaco of field wiiiclmg---shunt field d-o. mnehino 
Si = radiating surface of comiimtating liolcl winding 
Sr — number of rotor slots 
Ss — number of stator slots 
Si — total wotted tank surface 

s = clearance between armature coils at ond-conncctioiis (sco Figs. 150 and iiiO) 
s = fseetion area 

Sa — section area of armature conductor 

sb = section area of bar in squirrol-cage winding 

Sc “ conductor section 

Sch = conductor section for high voltage winding 
8ci — conductor seotion for low voltage winding 
Ser = section area of end-ring 

s/ == section area of field winding conductor (slumt field d-c, machine) 
s/^ — seotion area of field conductor with turns per ])olo 
s/j = section area of field conductor with //^ turns per polo 
Sfj = air gap section 

St — section area of commutating field conductor 
8p = section area of pole 

Sr ^ section area of rotor conductors (wound-rotor motor) 

5 a — seotion area of senes field conductor 
8s = section aim of stator conductor 
Si “ section area of teeth 
si^ — section aica of teeth at air gap surface 
s/j = section area of tcctli at bottom of slot 
st^ — area of teeth at point J slot depth from minimum section 
Sya = seotion area of armatiire yoke 
sy/ « section area of field yoko 

T 

Ta — armatliro tomporatiiro rise 
To — commutator temperature rise 
Tj — shunt field winding temperature rise 
Tt = commutating field winding lomporaturo rise 
Ti — tomperaturo at which Ri is measured 
7*2 = temperature for wliich is oalculntcd 
I *= time of commutation of ono coil 
t PS number of turns 
ia ^ number of turns per armature coil 
(f « number of turns per field coil (shunt field d-o. machines) 
t/t = number of turns per field coil of conductor section s/i 
//j number of turns per field coil of conductor section s/a 
//„ //jj, and 1/j, ~ number of turns per sections 1, 2 and 3 respectively, of whc-wo\ind 
field coil (see Fig, IfiS) 
th » number of turns in high voltage coil 

t^h — kigh voltage turns per core leg for single-phase core typo transformers 


I 


ix — number of turns per commutating polo 
it =f number of turns in low voltage coil 
la == number of turns per scries fickl coil 
1 1 ^ tooth pitcli at armature surface 
h ^ minimum tooth pitcli 
/ir rotor tooth pitcli at nir gap surface 
txa stator tooth jiiteli at air gap surface 

V 

V s= peripheral velocity, feet per nnnuio 
Vf ^ commutator peripheral speed, feet per mimito 

W 

W(i » armaturo copper loss 
Wh =* brush contact loss 
\Vh; Imish friction loss 
Wr — core loss 

= commutator losses 

IFt/ = fioro loss in teeth duo to fundamental frequency flux 
IKrv *= coro loss ni yoko due to fundamental frequonoy flux 
We =* exciter capacity 

Wf = copper loss in held winding (filiuiit hold d-c, machines) 

W/io bearing friction and Mu'ndago loss 
Wh ~ coppor loss in high voltage winding 
W\ — coppor loss in commutating hold winding 
IF/t - total coppor loss 
Wi « coppor loss in low voltage winding 
Wr =* rheostat loss 
Wb =* series field coppor loss 
Wa ~ stray load-loss 

Wbao - stator copper loss due to no-load curront 
Wai *=» stray load-losses 
7 /j ~ number of turns in sorias per phase 
Wb - width of brusli 

We ^ width of commutating j?ono in inches of armaturo circumforonce 
Wi - core loss per pound 
Wti ^ width of ventilating duct 
Wi - width of commutating polo 
Wff = coppor loss per pound 
Wp ^ width of polo body 
Wg — width of slot 
War = width of rotor slot 

= width of rotor slot opening partly closed slot (sen Fig, 100) 

=3 width of slot opening partly closed slot (seo Fig, 146) 

= width of stator slot 

width of stator slot opening partly closed slot (see Fig, 195) 
s= average tooth width 



wir^ — Width of rotor tooth at bottom of slot 

wtr^ = wifltli of rotor tooth at point i tooth length from minimum width 
= width of stator tooth at air gnj) surface 
ivtsi — width of stator tooth at point \ tooth length fi'om minimum width 
ic/j = width of too til at air gap surface 
— width of tooth at bottom of slot 

= width of tooth at point J slot depth from minimum width 
tvw = width of window opening 

X 

X - AT^ + ATi + AT„„ 

Xb — belt leakftgc reacianco per phnso 
Xo — cnd'-connoction lealcago roaetanco per phase 
Xi = total leakage reactance per jiliaso 
X,,^ — magnetizing reactance per phase 
Xrz — I’otor zigzag leakage reactance per jilm^o 
Xs — slot leakage reactance per phase 
Xsr = lotor slot leakage reaclaneo per ]>haso 
X„^ — stator slot leakage roactaiicc per phase 
Xeg — stator zigzag leakage reartaneo per iiliaso 
A% — zigzag leakage miotaiico per [ihaso 

= rotor zigzag leakage reactance per phase 
X — see ]<hg, 10(1 

I'l — mnnbor of low voltage coils per group 
I’A - number of higli voltage coils per group 
.Via — niunbor of ‘Miigli-low^’ groups 

Y 

Ye — commutator pitch 
Fg = coil pitch 
3^1 — back pitch 
Yi — front pitch 
y = SCO Fig, 53 

25 

Z - short-circuit impedance per plinso 
Z “ standstill impedance per phase 
Za — armatUTO impedance per phaao 

GREEK SYMBOLS 

a = angle (ace Figs. 50 and 136) 

/? « angle of brush shift in oloctrieal degrees 
/3 =: commutator bar pitch in inches of commutator circumforonco 
= commutator bar pitch in inches of armature ciroinnforonflo 
8 — length of air gap at center of polo 
8i “ length of air gap under commutating polo 
5 m =* lengtii of air gap under polo tip 
8z ^ length of air gap at some point x 
0 — power factor angle 


- ])t’rnic'{ilnhty 
TT = 3.1-116 

r = poh' pitch m inches of armature circumference 
r — pole pi tell in inches of stnlor gap ctrcuniferonco 
^ ilux per pole 

(ft I - II ux per commutating pole 
— Held leakage flux per polo 
(fill — hold leakage f[u\ for path 1 
^/>/j ~ field leakage IIux foi- path 2 
ffiij ” Held leakage IluK for path 3 
0^ “ held leakage flii\ for jmth 4 
tfii ^ hypothetieal total flux 
<p — ])hasG (liffereneo in (joinmutatioii 
0 *= per cent polo cmbiaeo 
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A 

Additional losses, direct-current machines, 
117, 127, HO 

induction motors, 301, 314, 329 
syntdmnioua Jiuichinos, 235, 246, 204 
trnnsfonnor, 300, 372, 384, 399, 408 
Advantages of compensated machine, 1 
Air hhigt transformer, 344 
Air gap, ainpore4urns, direct-current 
machines, Gl, 70, 130 
induction motors, 301, 312, 327 
eyjiclironous machines, 207, 212, 251 
cooinciont, dircci-ciiiTent machines, 
63, 70, 136 

induction motois, 301, 311, 327 
synchronous maclnncs, 207, 211, 254 
density, average values of, dircct-cur- 
roiiL machines, 16 
induction motors, 274 
8ynchn)uoiis ma<4iincs, 168 
density, dircct'-curreut machines, 01, 
70, 136 

induction motors, 289, 322 
synchronous machines, 206, 211, 264 
longth, approximate minimum value of 
diract-current mncliines, 23, 76, 
79 

induction motors, 291, 298, 324 
synchronous machines, 172, 224 
see Lion, direet-cuiTent machines, 62, 
70, 136 

longth of, synchronous machines, 
200,211, 254 

synchronous machines, 206 
Aluminum resistaiico of, 307 
Ampere conductors per inch of, arinature 
circumferonco, d ir o c t - c u r r cut 
mncliines, 16 

synchronous maohines, 168 
stator gap circumference, induction 
motors, 274 


Ampoie-turns, armature teeth, direct- 
cun ent nmchiiios, 03, 72, 137 
sjmclironmn macliines, 208, 212, 25 1 
armatine yoke, tliroct-iMirroiit ina- 
chines, 05, 73, 13S 

synchionoua machines, 208, 213, 256 
field pole, direct-eurrent murhini‘s, 66, 

74, 138 

hynchiottous iriaeliines, 210, 215, 257 
fieltl yoke, (hreet-euirent machines, 66, 

75, 139 

synchioiious machines, 211, 216, 257 
per eomnuitating pole, 106, 113, 145 
jjcr in(*h of llux jiath, 61, Aj)ju‘ndi\ 
per joint transformer r-oies, 368 
pel |>olo, direct -cun ent iiiuchiiios, 61, 
69, 75, 139 

synchronous machines, 206, 215, 258 
lolor teeth, 302, 312, 328 
yoke, 303, 313, 328 
stator teeth, 302, 312, 327 
yoke, 303, 312, 328 
Appendix, 419“'132 

Armature, coil, construction, direct-cur- 
rent machines, 44 
synchronous machines, 193 
end-connection clearances, dircct- 
current machines, 55 
synchronous marhmes, 199 
insulation, direct-current machines, 
47-49 

synclironous machines, 196, 190 
conductor section, direct-eiirient ma- 
chine, 52, 58, 134 

synchronous machines, 196, 262, 252 
conductois, in series per phase*, syn- 
chronous mnchiiies, 201, 252 
conductors, total, synchronous ma- 
chines, 201, 252 

construction, direct-current machines, 3 
synchronous machines, 154 
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mtichiiips, 115, 125, 148 
synchronoxis Jiiachines, 196, 231, 244, 
263 

rross'inngncf izing ainiJOrc-Uims, 77, , 
147 

current, dirGct-cuiTent inaeliincs, 62 
synchronous inachines, 202 
flumagnotiziiig iimpero-furns, 76 
diameter and length, diiect-eiincnt 
machinos, 19, 28, 131 
synclu'onouR machines, 170, 178, 219 
frame, construction of, synchronous 
machines, 158 

laminations, tliickiic^s of, dircctHJur- 
rent inachines, 3 
synchronous mnehinoa, 154 
leakage flux paths, tlirccUmnent ma- 
chines, 98 

reactance synchronous maolnncs, 
210, 220, 257 

length, dirccUciu lent machines, 19, 28, 
131 

synch romnis machines, 170, 178, 248 
]:)criphcral speed, dirccUsurrent iim- 
chines, 18 

synchronous machines, 170 
leaction, synchronous inacihines, 222 
ampere-turns, maximum value of, 
222 

factor, 223, 230, 259 
slot dimensions, direet-curroiit ma- 
clilnes, 53, 68, 185 
synchronous machines, 198, 201, 263 
ofifeof; upon flux wave, (lircct-ciiiTcnt 
machines, 20, 43 
synchronous mad lines, 192 
tooth density, average values for, syn- 
chronous macjliines, 208 
direct- current machineSj 71, 137 
maximum values for <Iirect-currcnt 
machines, 64 

synehionous mn chines, 207, 212, 
254 

teeth, section of, direct-cuiTcnt ma- 
chines, 64, 71, 137 
synchronous madnnos, 207 
tooth support, direct-current machines, 

5 

synchronous machines, 160 


iviixvtiM^o, Ulii t,L-(jUli(!riL ma** 

chines, chissifieation of, 30 
synchronous machines, classification 
of, 170 

connections of, 190 
method of laying out, J82 
parallel circuits of, 190, 201, 252 
yoke section, dircet-ciincnt machines, 
65, 73, 137 

s^mcluonnus tnaeliines, 21 2, 255 
AiTangemont of coils, tiansformer wind- 
ings, 358 

Avciago tomjjeniturc rise of oil, 370 
Axial length of field yoke, direct-current 
nmetdiiiis, 67, 74, 138 

B 

Back pitch, lap winding, 31, 67 
wave winding, 36, 134 
Bar pitch s(iuirrel-eage winding, syn- 
chronous motorfl, 261 
Bar section, 8(iuiiTel-(3ago winding, 297, 
299 

Bars per polo squirrel-cage winding, syn- 
chronous motors, 261 
Bearings, directrcurrent niacliiniss, 12 
Bolt leakage, constant synchronous iiia- 
cliines, 210 

reactance synchronous machines, 218 
Brass, resistance of, 307 
Brusli, contact, 95 
dro]), 108 
loss, 116, 126, 148 
surface, 107, ill, 143 
friction loss, A. T. hi E. Standards, 
dircct-ciuTont machines, L18, 
127, 149 

thickness, 96, 107, 109, 110 
width, total per arm, 100, 111, 143 
Brushes, characteristics of, 108 
lubricating qualities of, 95 
stagger of, 96 

G 

Chain windings, 179 

Choice of armature winding, direct-mir- 
lent machines, 50, 56, 132 
Chord factor, calculation of, 180, 180 
dofinition of, 106 
stator winding, 273, 289, 322 


motors, 282, 2S9, 322 
Chordcd windiiifrs, direct-cuiTciit ina- 
4 chines, 13 1 
synchro jums innehinos, 180 
Circle diagram, 300, 317, 333 
Circular transforinor coils, advantages of, 
350 

Coetliciont of, mutual induction, OS 
self induction, 08 
Coil pticli, 33 

nrmaluro coils, dircct-ciUTenfc ma- 
chines, 55 

a3mchronous machines, 199 
Coil support, synchronous machines, 157 
Commutating field, copper loss, IIG, 126, 
MO 

winding, conductor section, 86, 113, 
M5 

design of, 85, 113, MS 
insulation of, 85, 114, 145 
Conuniitaiing pole, air gap, ampere- 
turns, 105, 113, 145 
donsil}^ 104, 112, 115 
length, 102, 111, M3 
design of, 101 
flux, 105 

length, 102, 112, 144 
Commutating polo machine, 1 
magnetic circuit, 105 
shoe bevel of, 101 
width, 101, 111, 144 

Commulating zone, maximum width of, 
98 

Commutation, 91 

effect of mechanical condition of com- 
mutator and brushes, 05 
Commutator bar, minimum thickness of, 
106 

construction, 5 
diameter, 100, 110, 142 
length, 107, 111, 143 
mien thickness of, 106 
pci'iplieral speed, 106 
pitch, lap winding, 32, 57 
wave winding, 38, 134 
segment pitch, 107, 110, 142 
minimum value of, 107 
Compensalecl machino, i 
Compensating winding, 79 


^uiiccniric type transformer winding, 
367 

Conductor insulalion, armature coils, 
diiect-eiiirent machines, 47, 40 
synchronous machines, 195, 204, 252 
rotor winding, 207, 298, 325 
stator winding, 2S5, 280, 322 
transformer -windings, 367 
Conductor seel ion, high-voltage winding, 
352 

low-voltagc winding, 352 

stator winding, induction motors, 281, 

. 289, 322 

w^ound rotor winding, 298, 325 
Conductors, in series, per phase, stator 
winding, 283, 288, 321 
w^ound rotoi winding, 207, 324 
per slot, armatuie, diieft-euiiont ma- 
chines, 57, 132 

synehionous machines, 179, 201, 252 
nirangement of, synchronous ma- 
chines, 193, 201, 253 
per stator slot, 283, 289, 322 
ariangemenl of, 284, 290, 323 
total stator induction motois, 283, 28S, 
321 

Constant potential transformers, 335 
Construction of, belt tightener base, 13 
brush holder and brush 3 mkc, 12 
commutating pole winding, 10 
field coil, chrcet-current machines, 0 
syncluonoiis machines, 103 
field poles, direct-current machines, 9 
syncluonoiis inaehmes, 164 
field winding, non-salient pole ma- 
chines, 159 

field yoke, diiect-current machines, 11 
rotor, 267 
stator, 266 

Cooling constant, armature, direct-cur- 
rent machines, 124, 129, 150 
field winding, direot-eurrent ma- 
chines, 125, 129, 151 
Cooling curves, transformers, 371 
Cooling surface, armature, direct-cnircnt 
machines, 123 

ajmehroiioiis machines, 244, 246, 261 
field Avindmg, synchronous machines, 
228, 233, 261 

shunt field winding, 83, 91, 142 


forincra, 354, 356 
por pfjuntl, 346 

Co]^pcr f^])ac*c factor, avonigo valiics af, 
352 

Copper tnhie, l)aro copper strap, 424- i27 
(l(jiib!o'-coi tf)n“COVGrc(I ribbon, 421-423 
louncl wire, ‘119 
square wire, 420 

Copper woi|;ht, nrnmlure winding, direct- 
ciiiTont inarliincs, 66, 69, 136 
synchrnnniis machines, 200, 205, 263 
comrnutaimg field winding, 80, 114, 
^ 146 

fiold winding, sy nchninnus maclnncs, 

220, 233, 201 
higli-voltago coil, 366 
Inw-vn]bicjc coil, 305 
ficiics 0(4(1 winding, 86, 03 
sluint field winding, 83, 91, 142 

Core loss, average values of, transformers, 
351, 356 
cuiTontr, 308 

(Urect-cnircnt macliinea, 117, 120, 14S 
iiuluctlon iTiolors, 303, 814, 329 
per [loimd, 3 16 

per (syelc, opcn-lawth 0 OM-in. olec- 
trie sheet rIc(4, 429 

1.0 per cent 0.01 74ii. silicon sheet 
s1e(4, 430 

2.5 to 3 0 per eent- 0.0144n. silicon 
slieefc steel, 431 

4.0 and 4 6 per eenL O.OJ4-iit sili- 
con sheet steel, 432 

syiichionoiis inneln'nes, 236, 246, 201 

Core Bpaen factor, 360 

Coro type tran.sformer, construction of, 
330 

Current density, armaiuro conduclor, 
dircet-ouirciit machines, 63, 58, 
134 

synchronous mneliiues, 108, 201, 263 
brush contacts, 107, 111, 143 
commutaling field eondufitor, 86, 113, I 
146 

field winding, synchronous machines, 
228, 232, 2C)0 

in copper, of transformer, 346 
scries field conductor, 86, 92 
flliunt field conductor, 83, 91, 141 


mjmiiut“cago winding, 

295, 299 

stator windings, induction motors, 284, 
290, 323 

Current in high-voltage winding, 362 
low-voltage winding, 362 

CiUTont per path, dircofc-curronfc arma- 
ture winding, 62 

per phase, induction motors, 284, 289, 
322 

T> 

Dead coil, 40 

Dead-points, squiiTol-cago motors, 292 

Density, armature yoke, dircct-curront 
machines, 06, 73, 137 

synclu'onous machines, 208, 213, 266 
field pole, (lirect-ouiTent machines, 00, 
73, J38 

synchronous macliiiies, 209, 213, 266 
field yoke, direot-ciuiTont machines, 07, 
74 

synclironous inacliuies, 210, 215, 267 

Depth of oil, 371 

Design of, polo slioe, diroot-niuTcnt ma- 
chines, 21 

synchronous machines, 171 
shunt field rheostat, 80, 93 

Design siK'ot, direct-fiiUTont generator, 
130 

motor, 163 

distributed core-typo transformer, 407 
slioll-typc transformer, 418 
single-phase coi’c-typo ti’ansformcr, 383 
squirrcl-cago motor, 310 
synchronous generator, 247 
synchronous motor, 206 
tlircG-pImso roro-typo transformer, 396 
wound rotor motor, 334 

DifTcrcnco botwoon temporaturo of wind- 
ings and avorngo oil tompora- 
iiiro, 370 

Direct-current machines, classification 
of, 1 

Distributed coro-lypo transformer, con- 
struction of, 340 
core design, 300 
operating charaotoristics, 402 
lank design, 406 
winding design, 390 



WIlKlIIlg, 'Z\)b 
imnHfonnors, 335 
D()iil>I{i~laycr windings, 170 
sqiiiiToI-oago winding, induction 
molors, 297 

synchronous mo tom, 222 
Ducts in tmiisformcr windings, 302 

E 

Eddy curronfc losses in, armature coils, 
synchronous machines, 198 
stator copper, induction motors, 284 
transformer wiiulings, 357 
EfTect of, slot openings upon air gap flux, 
induction motors, 283 
imdcr-cutting mica, 96 
l^lTectivo value of current, in end-rings, 
sqiiirml-cago ending, 296 
per bar, sciuirrel-eage winding, 296 
Efficiency, average values of, direct-cur- 
rent generators, 120 
diroct-ourrenfc motors, 121 
slip-ring motors, 279-280 
squiiToi-cngo motors, 276'278 
synchronous machines, 239, 240, 24 X 
transformoj’s, 36 i, 355 
dircet-currenfc machines, 120, 128, 

160 

synchronous machines, 238, 246, 261 
transformer, 369 

ISnd-coniieotion leakage reactance, syn- 
chronous machines, 218 
End-ring section, squirrel- cage winding, 
induction motors, 290, 299 
synchronous motor, 262 
Dnd turn, insulation, transformers, 360 
Gquallsser connection, conductor section, 
41 

pitch, 40 

Jqimlizor connections, number, 41, 50 
Iquivalont field ampero-turns of arma- 
ture reaction, 223, 230, 259 
Ixcitation for any load and power factor, 
226, 231, 268 

Ixciter capacity, synchronous machines, 
229, 233, 201 

Ixciter voltage, synchronous macliines, , 
227 


Field current, syncjiroiniusniarliines, 228, 
232, 260 

leakage, ('(instant, synclironons ma- 
chines, 200, 214, 257 
factor, din'ct-ciirmit manliiiios, 
66, 67 ^ 

flux, calculation of, diixHjt-muTciU 
ina(*hiiics, 07 ^ 

synchro nous machines, 209, 213, 
256 

Field pole, punehiiigs, thickness of, syii- 
ohronmis inaeluiios, 161 
rlxjoslat loss, s^uKdiumoufl ma{!liiiic>s, 
231, 245 

winding, coiiduntor section, synchro- 
nous machines, 220, 232, 261) 
copper loss, synehionous machines, 
231, 246, 263 

design, aynchioiioiis machtnes, 220 
windings, syiielironoua inaeJiim's, 161 
Flux, density in transformer core, 346 
distribution (jurvo, analysis of, 172, 251 
average ordinal e of, 170, 249 
construction of, 22, 171 
efifcctive ordinate of, 170, 251 
harmoni(*s ol|jl75,2-10 
maximum oixlinato nf, 170 
distribulion factor, direct-current ma- 
chines, 20, 132 
indiietion motors, 273 
synchronous machines, 172, 251 
clistrihution in induction mo(<n’«, 273 
per pole, direct -current mnijhines, 05, 
72, 137 

inclnclion niolorrf, 287, 290, 323 
syn(dironous machines, 20iS, 212, 254 
plot, construe tion of, direct-current 
machines, 23, 133 
syiiehronouH machines, 171, 250 
Forced oil-coiilcd traubfonncr, 344 
Forces on transformer windings, 367 
Form factor, indiietion motors, 273 
synchronniis mncliines, 172, 251 
Fractiona! slot, rotor windings, 204 
stator windings, 282 

Frequency, direoir current macliines, 20, 
28, 132 

Friction and windage loss, direet-curroat. 
machines, IIS, 128, 140 



{ 
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motors, 801, 314, 320 
aynclironous machines, 235, 215, 264 
Frogleg winding, 42 
Front pitch, la]) winding, 31, 57 
wave winding, 36, 134 
Full-load, current, induction motors, 310, 
31S, 332 

elTiciency, induction motors, 310, 318, 
332 

power factor, induction motors, 310, 
818, 332 

speed, direct-current motors, 147 
induction motois, 310, 3 IS, 332 

11 

Healing curves of fcrnnaformois, 371 
High mica, 95 

I 

Impedance, nt standstill, induction 
motor, 309, 316, 331 
avei’age values of transformers, 35*1, 
355 

Impregnation of transformer coils, 361 
Induced voltage in arniatuie winding, 
flireot-eurrcnfc machines, 14, 60 
syneJnonous inaclnncs, 106 
Induced voltage, in stator Avinding, in- 
duction motors, 273 
in tians former AVin dings, 347 
Induction motois, construction of, 266 
Inside diameter, of iicld yoke, dircet- 
euiTcnfc mac] lines, 74, 137 
of rotor core, 300, 320 
Insulating collais, thickness of, 363 
Insulating materials for transformer 
Aviiulings, 358 

Insulating oil, dilectric stiength of, 302 
Insulation, nlloAA^anees, stator Avinding, 
induction motom, 286 
between core and Aundings, trans- 
formers, 360, 375, 387, 400, 41 ^ 
betAveen iiigh- voltage and loAv-voUagc 
AAiiiclings, transformers, 300, 
370, 388, 402, 412 
of armature flanges, 50 
of transformer laminations, 336 
specification, stator AA'indings, induc- 
tion motors, 286 


- inunction motors, 

285, 290, 323 

test A L 111. hJ. Slaiulauls, 362 
armature AA^iulings, ilirect-Gurrenfe 
machines, *17 

synchronous maoJiines, 196 
thickness, avouiuI rotor coils, 208, 325 
Interleaved type of transformer AAuncling, 
357 

I, 

Lamination factor, 61, 207, 360 
Laj) AVincling, piogressivc, 32 
retrogreSMVe, 32 

Layer insulation, tnicknoss of trans- 
former windings, 359 ' 

Leakage reactance, induction motors, 
307, 316, 330 

synchionous machiiK's, 219, 229, 267 
Iranaforinors, 365 

Length of, bars sc[uirrel-cagc Avinding, 
316 

corrugated tank surface per jncli of 
center lino, 371 

field polo, axini, dirocl-curront ma- 
chines, 02, 73, 138 

flj'iichronous maeliinos, 20^, 213, 266 
field yoke, axial, <Ilrcet-curront ma- 
chines, 67, 74, 138 
aynclironous inacliines, 211, 215, 
2B7 

flux path, armature loelh, diroct-cur- 
ront macljinos, 05, 72, 137 
synclironoua inaidiiiu's, 208 
armature yoke, diroet-eiirront ma^ 
ehines, 06, 73, 1 38 
aynclironous machines, 200, 213, 

256 

field pole, diroct-ourrent machines, 
60, 73, 138 

synchronous machines, 210, 216, 

257 

field yoke, direct current inachinos, 
07, 74, 139 

synchronous mac) lines, 211, 215, 
267 

rotor yoke, 303, 313, 328 
stator yoke, 302, 312, 328 
moan-turn, commutating field coil, 
86, 114, 146 


(jfiroiiiHis iiiiiolimrs, 227, 231, 2(i0 
stint's ('{ill, S5, 92 
siiuiifc /icl(! coil, 82, 90, MO 
On(^-hnlf nKMiu-tiirn, urmatim; ooJ, 
ihrofil-ouiTcnt iJiaHuucs, 55, TaS, 
135 

fiyiiohrfmoiis machines, 109, 201, 
253 

viitnr Rt>ii, 305, 331 
stater coil, 305, 3M, 320 
Limiting tempomturo rise, salient pole 
synoliroiioirs generators am I 
motors, 2 13 

stoam^tiirbino-driven s^mclironous gen- 
erators, 242 

transformers, A. 1. K.E. Standards, 309 
Lfjad losses in transformers, 369 
Lfiases in, din'ot-eurrcnt maehinos, 115 
aym'hronoim maehines, 231 
transformer, 300 

M 

Magnetic circuit, commiitnting-polc ma- 
rhino, 105 

indue tkm motors, 301 
non-commutating pole machine, 61 
salient pole, synchronous machine, 
206 

transformciv construction of, 386 
Vlngnotijigtion cinvo, east iron, 428 
cast steel, 428 

open-hearth sheet steel, for armatures, 
429 

field poles, 428 

I per cent silicon sheet steel, 430 
2,5 to 3r0 pel cent silicon sheet steeJ, 

431 

4.0 and 4 6 per cent silicon sheet steel, 

432 

agnotizing current, 368 
calculation of, distrihiited corc-ty])e 
transformer, 404 
induction motors, 303, 313, 328 
shell' typo transformer, 416 
single-phase core-type transformer, 
381 

3-phftso core-type transformer, 392 
[nrhiction motors, 274, 201 
ignetizing force, 01 


ir^ttvjjnmn Jiorsepo^vcr output, induc- 
tion jiiotor, 310, 318, 332 
hlaxiimirn torcjiic, UKluotion motors*, 310, 
3L8, 332 

Method of, forming direct-current arma- 
ture coils, 44, 15 
insulating armature puncliings, 3 
ineasuriiig transformer temperature, 
A. I, E. R\ .Standards, 360 
sealing slots, direct- current machines, 
5 

Minimum co.sfc transformer, 345 
hlininium loss transformer, 315 

N 

Nalural-air-cooled transformer, 340 
N'atunil-oil-cooled transformer, 341 
N<nitial zone, 98, 111, 143 
No-load ourrent, mductioii motors, 3{)0» 
3U, 330 
transformer, 3G8 

watt component of, induction motors, 
305, 314, 330 
tiansfoimers, 308 
field form, eoustriiclion of, 22, 177 
I 0 .SSOS HI transformer, 309 
power factor, induction motors, 300, 
314, 330 

Non-comniutfttiiig pole maehines, 1 
Numlier of, armature slots, direct-cur- 
rent inachuiOH, 42, 57, 132 
synchronous maehinos, 192, 201, 252 
briisii sets for wave wiiulings, 38 
roil aides per slot for wave windings, 30 
pluisrs sf|nirj'el-c*ago windings, 306 
poles, direct-cunent ma(4une.s, 20, 28, 
130 

induction motors, 287, 320 
rotor coiiduetors, wound rotor winding, 
207 

slots per pole, diroct-eurrenl machines, 
41 

turns, high-voltage winding, 361 
loAV- voltage winding, 362 

0 

Oil and water-coolod transformer, 341 
Open-circuit saturation curve, direct- 
cinrent inacliines, 09, 139 
synchronous machines, 211, 216, 257 



ofj liichiction motors, 300, 31(), 
332 

O Ilf. put coisstaiils, (firoot-ouiTont ma- 
rliiiics, 18 

induction motois, 275 
synchronous macliiiies, 169 
iraiiflformci 8, 318 

Output cipmtion, direct- cun cnt ma- 
cliiiios, 14 

iiiduclion inolois, 274 
synchronous mafdiinos, 167, 178, 218 
traiisfonnor, 3 17 

Outside diametrr, arinatuio, syiichronoua 
machines, 212, 255 

ficdil yoke, diiecL-ciirrcnt machines, 74, 
130 

Htafnr core, 287, 290,323 

Over-eommiitatinn, 94 

P 

Per cent impecinneo, synchronous ma- 
chines, 230, 259 
transPormors, 367 

magnet Izinp; cunont, induction motors, 
303, 313, 328 

Per cent polo omi>raec, direct-current 
machines, 22, 20, 132 
synchronous machines, 171, 249 

Per cent reactance, nvorago vahio of, 

' traiififormcrfl, 354, 355 
efToct upon, maMiniim liorsopowor, 309 
starting torque, 309 
Liiduction motors, 309, 310, 331 
synciironons machines, 219, 230, 260 
transformers, 306 

Per (5011 1 r('sistaneo, average values of, 
fi’ansforiners, 354, 355 
syiicjlironous machines, 230, 259 
transformers, 365 

Per cent slip, induction motors, 310, 318, 
332 

Periphernl speed, inchicLion motors, 281 

Phase difforeneo of commiitaf.ion, 97, 110, 
142 

Polarity of, commutating poles, 1 
transformoi's, 356 

Power factor, at standstill, 309, 316, 332 
average values of, slip-ring motors, 270, 
280 


- -f - Ifl, 

rel-cago motor, 270, 278 
Power transformers, 335 
Pull-in torque, synehronoiis motor, 221 

n 

Iladial length of field pole, synchronous 
machines, 210, 213, 256 
Radiating surface, calculation of, core- 
typo transformers, 381, 393 
distributed core-typo transformer, 
406 

shell-type transformer, 416 
per watt, transformers, 369 
Rate of change of eurreat, average value 
of, 99 

Ratio of, air gap ampere-turns to arma- 
tmo ampere-turns, 79, 130 
armature lengfh to polo pilcli, direet- 
curront macliines, 19 
synchronous machines, 170, 178, 249 
core loss to copper loss, distrilnition 
transformer, 346’ 
power transformer, 3*15 
core weight to coiipor weight of trans- 
former, 340 

field ampore-turns to armature ampere- 
turns, 75, 79, 139 

stator length to polo pitch, indue lion 
motors, 281, 287, 320 
window height to width, transforinors, 
352 

Reactance of short-circuited fiehl wind- 
ing, synchronous motor, 221 
Reactance voltage, curve, shape of, 103 
fundamental equal ion of, 08 
per coil, 100, 112, 144 
Regulation average, values of, trans- 
formers, 364, 355 

Regulation of, synchronous generators, 
226, 231 

transformer, 308 

Resistance of, armature winding, diroct- 
cuiTont machines, 56, 59, 135 
commutating field winding, 80, 114, 
146 

field winding, synchronous macliines, 
229, 232, 261 

lugh-voltago winding, 365 
low-voltage winding, 366 


LvoaiwLiiiifu lu, Rrnes ncia wimiing, 85; 92 
shunt lielcl winding, 82, 91, 141 
flciiiiiTol-cago Winding; induction mo- 
tor, 306, 316 

synchronous motor, 166, 262 
total tratiafoinicr windings, 3G5 
lesistaiicc per phase, arm atm e Winding, 
synchronous machines, 200, 
205, 263 

stator winding, 306, 314, 329 
wound rotor winding, equivalent value 
of, 305, 331 

lotor, current, wound rotor motor, 311, 
332 

diameter, 291, 290, 321 
(‘nd-connection, Icnlcngc reactance, syn- 
chroiioiis motor, 220 
frequency, 298 
laminations, 2G7 

resistance, squiirehcnge winding, 
equivalent value of, 306, 316 
slots, number of, squirrel-cage motors, 
292, 290 

wound rotor motors, 294, 324 
reactance synchronous motor, 220, 262 
types of, 297, 299, 326 
tooth, density, maximum value of, 298, 
300, 325 

width, minimum value of, 298, 300, 
325 

voltage, wound rotor motors, 297, 324 
windings, connection of, 202, 324 
induction motoia, 291 
slip-ring motors, 291 
yoke density, 300, 326 
•Aigmg l(‘akage reactance, synclironous 
motor, 220, 262 

S 

mpic design, armature winding, direct- 
current generator, 66 
synchronous generator, 201 
nommulalor and commutating poles, 
110 

lirccl^current motor, 1 31-153 
liamcter and length, direct-current 
generator, 27 

synchronous generator, 177 
leld winding, synchronous generator, 
229 


Kamplo design, losses, efTieieney, and 
tern pent tine riso, direct-current 
gmcriitor, 126 
flyiiehronous generntor, 244 
magnetic circuit, diicct-cuncnt ma- 
ul lines, 70 

syucliionous gciicratnr, 211 
operating clmrauteriKlies, sipiiiTcl-cago 
inolor, 311 

rotor, squirri'l-cagc mo lor, 298 
shunt and series field winding, direct- 
current generator, 89 
stator, sqiiirrel'cngo motor, 2S7 
synchronous motor, 218 
transformer designs, 372 
wound rotor motor, 329 
Section area of, fk'Ul yoke, dircct-ournmit 
i¥ia<!hineH, 67, 74, 138 
l)olc, d i roc t-ciuTcntmnclii lies, 00,73, 138 
transformer coie, 347 
Section -wound coils, lransf4>rincra, 360 
iSeries field, ainjiere-turiis, 80, 92 
copiier loss, 116, 126 
current, 84, 92 

winding, conductor flection, 84, 92 
design, 84, 92 

Shaft currciifa, synchronous machines, 
161, 238 

Shaiio of, bar aquirrcl-cagc winding, 297, 
299 

core sendem, eirenlar-coro-typo trans- 
former, 349 

rcctmigular-core-typo Iraiiaformern, 
348 

shell-type trail sfi inner, 3 19 
Sholl-typo transformer, con si ruction of, 
310 

core design, 400 
operating clinraelcriatirs, 412 
tank design, 417 
winding design, 410 

SJiect steel, quality of, IraiiBrormors, 336 
thickness of, trnnsforinors, 330 
Short-circuit, clmractcristlc, 223, 231, 
268 

current ourvoa, 95 
induction motor, 309, 316, 331 
sustained value of, 307 
ratio, 224, 230, 250 
Shunt field, ampDrC'-tunis, 80, 90, 140 
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current, avenige valiu's of, 52 
calculation of, 82j 91, 141 
rheostat loss, 115, 12C 
\v\mUag, comluctoi* section, 82, 90, 1 U 
design, 81, 90, 140 
insulation of, 80, 111 
Simplex la]) mndings, 30 
Simjilcx wave winding, 34 
Single“j)l)ase core-type transformer, core 
flesign, 372 

opciating eharaetciistics, 378 
tank design, 382 
\vinding design, 375 
Silicon sheet steel, propei ties of, 330 
Slot leakage reactance, aynchrontnis ma- 
chines, 217 

Slot sn?e, effuirrel-cagc winding, 207, 290 
Slots per polo ])er phase, slaloi winding 
induction motors, 282, 280, 321 
Sparking at brushes, 96-98 
Spider, construction of, synchronous ma- 
chines, 161 

direct-current machines, 3 
Squirrel-cage winding, eons I ruction of, 
induction motors, 272 
design of, synchronous motor, 261 
induction motor, 291 
Stabilizing winding, 147 
Star connection, advantages of, syn- 
chronous machines, 190 
Starting resistance, direct-current motor, 
151 

Starting rheostat, wound rotor motor, 311, 
332 

Starting torfpie, squirrel-cage motor, 310, 
318 

synchronous motor, 221 
Straight-lino commutation, 94 
Stator, coil, construction of, 281 
end-con ncction clearance, 305 
insulation of (see Insulation allow- 
ance) 

copper loss no-load, 305, 314, 330 
design of, 273 

diameter and length, 281, 287, 320 
frame, 267 

laminations, quality of, 266 
thickness of, 266 
length, 281, 288, 32Q 


hliitor, slot, size, 285, 290, 323 
width, 283 

slots, iiumlier of, 283, 280, 321 
tooth density, maximum value of, 286, 
290, 323 

pitch, minimum value of, 283, 280, 321 
width, minimum value of, 280, 2D0, 
323 

windings, 2S1 

yoke tleiisity, 287, 290, 323 
depth, 287, 290, 323 

Strap copi)cr field coil, insulation of, 
synchroiinua maohincs, 227, 232 
length memi-Uirn of, synchronous itia- 
chines, 227, 231 

HVnehromnia machines, 227, 232 
Stray load-losses, A. I, E. 10. Standards, 
diu'cl-cuiTont machines, 115 
synchronous machine.<i, 238, 240, 264 
Stray lo^^s in transformers, 309 
Surface per watt, armature, direct-ciin*ent 
machines, 124, 129, 150 
synchronous maclunos, 244, 246, 204 
corn inula tor, dircct-cjurrcnt machines, 
125, 120, 151 

field winding, diicct-eurrent machines, 
124, 120, 151 

synchronous machines, 229, 233, 261 
shunt held winding, 88, 91, 142 
Synchronous machines, classification of, 
154 

T 

Tank surface per watt, corrugated sheefc- 
atccl tanks, 370 
plain shcct-atcel tanks, 370 
with cooling tubes, 370 
Temperature, in vaiious parts of traus- 
transforiner tank, 360 
of oil at surface, 370 
rise, A. I. K. E. Standards, direct-cur* 
vent machines, 122 
armature, direct-current machines, 
123, 129, 160 

commutator, 125, 129, 151 
field winding, direct current ma- 
chines, 124, 129, 161 
synchronous machines, 239 
Thickness of coils, transformer windings, 
364 



Thifiknoss of Hold yoke, diroGt-oiimmi 
innchin(‘H, 07, 74, lOS 
syiKdironons inmiliim'H, 211, 210, 207 
Threo-phaao, (joii’-iyjKi tninHfornu*r, foro 
ck'sjftn, 384 

op(‘rating {'liHnu’tPnHtira of, 300 
tiuik design, 301 
winding d(*sign, 380 

Tooth pilcli, dinait-ourmit niaehiiios, 53, 
7J, 136 

ayncihroiious jnaehinos, 103, 202, 252 
Tonpio, avmigo values of, slip^iing 
motors, 270, 280 
sqiiirnd-eago motors, 270-27S 
Total aini>ere-tiirns per pole, iiuliKdion 
motors, 303, 313, 328 
Total bar section, squirrel-eagc windings, 
296 

Total flux, average values of, Iruns- 
forniers, 317 

diroct-current maehint's, 14, 56, 132 
induction motors, 273 
synclu'onous machines, 166, 202, 252 
t-ransformer, 351 

Total rotor copper section, slip-ring 
motors, 205, 325 
s(]uirn4-eagc windings, 295, 299 
Total staiidaliJ! leactanee with open field 
winding, syiushronous motor, 
221, 203 

Transfornior, cluRHifioation of, 335 
construction, types of, 339 
(iooVing ol, 340 
essential parts of, 335 
tank, types of, 344 

toinperaUiro rise, A. T. IC, K. Stand- 
ards, 356 

^vinding8, design of, 353 
Transposed eonduolors, armature eoils, 
synchronous machines, 108 
in transformer windings, 358 
Turns, in series jier lOinse, sipiirrel- 
eage winding, 300 

per polo, commutating field winding, 
86, 113, 145 


Turns, per polo, series field winding, 
81,02 

shunt field winding, 83, 1)1, 141 
U 

UtH l( ‘I’-com mu tat ion, 04 
V 

Vinitilaied field coil, 82 
Ventiiat-ing duels, in armature, direct- 
cmiont nuieluiiea, 5, 71, 130 
synehronous machines, 156, 211, 263 
in rot, or tioro, 267 
in stator (*ore, 267, 2SS, 321 
V<»ifugc, between eominutalnr liars, 51, 
57, 131 

layers, tninsformer windings, 35S 
drop in field wuuling, synchronous 
machines, 227, 232, 200 
formula, synchronous machines, 100 
per tuin, direct-current armature 
winding, 40 

transforiiK'r winding, 362 
Volume of oil, 371 

Wave winding, progn^ssive, 37 
r(*lrogr(‘ssive, 37, 134 
Weight, stator, teeth, 313, 320 
yok(s 313, 320 

Width of comnuilatiiig zone, 06, 110, 143 
Winding constant, induction motors, 273 
synchronous nuushines, 167, 201, 261 
Wuuling disiributiou factor, calculation 
of, ISO 

definition of, 106 
induction motors, 273 
values of, 189 

Window area, singlo-pliaso transformer, 
352 

3-phaso transformer, 353 
Wire-wound fi<4d cod, length, mean- turn 
of, synchronous mac) linos, 227, 
260 

55 


field winding, sy nchronous maclui^os, * 


228, 232, 260 
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